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Abstract
Sorption is one of the most efficient techniques for the removal of heavy metal ions
from waste water. It involves the use of solid materials, known as sorbents, which
can be natural of synthetic in origin. Recently, synthetic nanomaterials of various
compositions have been used as sorbents. Among these materials, calcium
phosphate; also known as hydroxyapatite (HAp), and magnetite were previously
investigated as potential sorbents. In the current study, commercial HAp, and
magnetite nanoparticles as well as their physical and chemical mixtures were
investigated as potential sorbents for the removal of Cd2+ ions from simulated
wastewater. A comparison is made between the structure, morphology and properties
of physically prepared HAp: magnetite and HAp chemically grown onto magnetite
nanoparticles. A detailed characterization of all sorbents was carried out, both as
prepared and after thermal treatment at various temperatures. A batch study was used
to study the effect of different parameters on the efficiency of Cd2+ ions sorption.
The effects of changing the solution pH, initial sorbent weight, initial sorbate
concentration and contact time were studied. Moreover, the effect of thermal pretreatment of the sorbents at temperatures up to 600°C on their sorption capacities
were evaluated. Results showed phase purity of both HAp and magnetite starting
materials, while their physical and chemical mixtures were varied in composition and
properties. Physically mixed HAp and magnetite (1:1) showed the partial conversion
of magnetite to hematite when heated at 600°C, unlike pure magnetite which showed
a complete conversion to hematite at the same temperature. In contrast, chemically
prepared HAp-on magnetite (1:1 and 2:1) mixtures showed the formation of HAp
layers onto the surfaces of the magnetite seeds. This was reflected on a maintained
magnetization even after heating to 600°C due to the inhibited conversion of
magnetite to hematite. The later chemical mixtures showed better sorption capacities
than the physical mixture and pure magnetite, but close to pure HAp sorbents. The
main mechanism of sorption is dominated by the ion exchange capability of HAp,
and with the magnetite in the core, a magnetic-based HAp sorbent is highly believed
to be effective for the removal of Cd2+ ions from aqueous media.

viii
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wastewater treatment
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)Title and Abstract (in Arabic

دراسة وتقييم حبيبات الماجنيتيت المعالجة الزالة ايونات المعادن الثقيلة من
األوساط المائية
الملخص
حُـعذ عًهٛت االيخظاص أح َذ أْى حقُٛاث يعانجت يٛاِ انظشف انظح ٙيٍ انًعادٌ انثقٛهت ،حٛث حُغخخذو
فٓٛا يادةٌ طهبت حغًٗ انًادة انًاطتٔ ،قذ حكٌٕ طبٛعٛت أٔ طُاعٛت انًُشأ بًخخهف انخشاكٛب .فًٍ ضً ٍِ انًٕاد
انًاطت انخ ٙجشٖ اعخخذايٓا يؤخشا ٔدساعت فعانٛخٓا ف ٙإصانت انًعادٌ انثقٛهت يٍ انًٛاِ ْ ٙانًٕاد انُإََٛت
انظُاعٛت كًشكباث فٕعفاث انكانغٕٛو انًعشٔفت كزنك باعى "انٓٛذسٔكغٛأباحٛج" باإلضافت إنٗ انًغُٛخاٚج
(أكغٛذ انحذٚذ األعٕد).
فْ ٙزِ انذساعت ،حى دساعت فعانٛت انٓٛذسٔكغٛأباحٛج ٔانًغُٛخاٚج ٔخهٛطًٓٛا انفٛضٚائٔ ٙانكًٛٛائٙ
يعذٌ انكاديٕٛو يٍ يٛاِ
(انًحضش عبش حظُٛع انٓٛذسٔكغٛأباحٛج عهٗ حبٛباث انًغُٛخاٚج انُإََٛت) ف ٙإصان ِت
ِ
ٔانخظائض
نٕثج ب ِّٔ .كزنك حى عًم يقاسَت ب ٍٛانخهٛط ٍٛانفٛضٚائٔ ٙانكًٛٛائ ٙيٍ حٛث انخشكٛب ٔانخشكٛم
ِ
ٔحٕطٛف جًٛع انًٕاد انًاطت ِف ٙحانخٓا األطهٛت ٔبعذ انًعانجت انحشاسٚت بذسجاث حشاسة يخخهفتٔ .كزنك ح ّى
ِ
ايخظاص إَٔٚاث انكاديٕٛو يٍ انًٛأِْ .زِ
دساعتُ حأثٛش ُيخخهف ان ًُعايالث عهٗ فعانٛت ْزِ انًٕاد انًاطت فٙ
ِ
انًعايالث انًخخ هفت ْ ٙحأثٛش حغٛش انشقى انٓٛذسٔج ُٙٛنهًحهٕل ٔانٕصٌ األٔن ٙنهًادة انًاطت ٔانخشكٛض األٔنٙ
نهًادة انخ ٙعٛخى ايخظاطٓا ٔطٕل يذة االحظال ب ٍٛانًادة انًاطت ٔانًًخظت .إضافت إنٗ رنك ،حى حقٛٛى حأثٛش
انًعانجت انحشاس ّٚحخٗ ° 066ط عهٗ ععت ايخظاص انًٕاد انًاطت.
أظٓشث انُخائج َقأة انًٕاد األٔنٛت ْٔ ٙانٓٛذسٔكغٛأباحٛج ٔانًغُٛخاٚج ٔاخخالف خهٛطًٓٛا انفٛضٚائٙ
ٔانكًٛٛائ ٙيٍ حٛث انبُٛت ٔانخظائض .فقذ أظٓش انخهٛظ انفٛضٚائ ٙححٕال نهًغُٛخاٚج عُذ انًعانجت انحشاسٚت فٙ
دسجت حشاسة ° 066ط إنٗ انًٓٛاحٛج (أكغٛذ انحذٚذ األحًش) عهٗ خالف انًغُٛخاٚج انز٘ ححٕل إنٗ انًٓٛاحٛج
كهٛا عُذ َفظ دسجت حشاسة انًعانجت انحشاسٚتٔ .عهٗ انُقٛض ،أظٓش انخهٛظ انكًٛٛائ 1:1 ٔ 1:1( ٙيٍ
انٓٛذسٔكغٛأباحٛج ٔ انًغُٛخاٚج) أٌ انٓٛذسٔكغٛأباحٛج ك ٌّٕ طبقاث عهٗ عطح رسٚاث انًغُٛخاٚج يًا َخج عٍ
انحٛهٕنت دٌٔ ححٕل انًغُٛخاٚج إنٗ انًٓٛاحٛج حخٗ عُذ انًعانجت انحشاسٚت عُذ ° 066طْٔ .زا انخهٛظ انكًٛٛائٙ
أبذٖ أفضهٛت ف ٙايخظاص انكاديٕٛو أكثش يٍ انخهٛظ انفٛضٚائ ٔ ٙانًغُٛخاٚج ٔقشٚبا يٍ يغخٕٖ
انٓٛذسٔكغٛأباحٛج انُق.ٙ
إٌ آنٛت االيخظاص األعاعٛت فْ ٙزِ انذساعت ْ ٙانخبادل األ َٕٙٚانخًٚ ٙخهكٓا انٓٛذسٔكغٛأباحٛج ٔيع
ٔجٕد انًغُٛخاٚج ف ٙقهب انخهٛظ ،أطبح نذُٚا ْٛذسٔكغٛأباحٛج يغُاطٛغ ٙفعال جذا إلصانت إَٔٚاث انكاديٕٛو يٍ
األٔعاط انًائٛت.
مفاهيم البحث الرئيسية :ياغُٛخاٚج ،حبٛباث َإََٛت ،ايخظاص ،اديظاص ،إَٔٚاث انًعادٌ انثقٛهت ،إَٔٚاث
انكاديٕٛوْٛ ،ذسٔكغٛأباحٛج ،خهٛظ فٛضٚائ ،ٙخهٛظ كًٛٛائ ،ٙيعانجت حشاسٚت ،يعانجت يٛاِ انظشف انظح.ٙ
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Chapter 1: Introduction
1.1 Heavy metals
Heavy metals are important environmental pollutants, and their toxicity is a
problem of arising emergence due to ecological, evolutionary, nutritional and
environmental reasons. ―Heavy metal‖ is a term that refers to any metallic element
that has a relatively high density and is toxic or poisonous even at low concentration
(Nagajyoti et al.). Generally, the term is applied to the group of metals and
metalloids having atomic weights between 63.5 and 200.6, and a specific gravity
greater than 5.0 (Srivastava and Majumder). Examples of heavy metals include
common transition metals elements such as lead (Pb), cadmium (Cd), nickel (Ni),
cobalt (Co), iron (Fe), zinc (Zn), chromium (Cr), arsenic (As), silver (Ag) and the
platinum group elements. Living organisms require trace amounts of some heavy
metals, including cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), molybdenum
(Mo), vanadium (V), strontium (Sr), and zinc (Zn). However, the most important
concern about heavy metals is the leaching of non-essential heavy metals such as Cd,
Cr, mercury (Hg), Pb, As, and antimony (Sb) into the environment. They can be
released into the environment in gaseous, particulate, aqueous, or solid form and
emerge from both diffuse or point sources (Bradl). The largest availability of heavy
metals is in soil and aquatic ecosystems and to a relatively smaller proportion in
atmosphere as particulate or vapors.
Parent rocks and metallic minerals are the main natural sources of heavy
metals in the environment (Figure 1). However, anthropogenic activities increased
the presence of heavy metals in the biosphere. Such activities include the industrial

2
activities like mining, coal and petroleum combustion, indoor and urban
environments and solid waste disposal. Agricultural activities like phosphatic
fertilizers, pesticides containing heavy metals, animals manure and sewage effluents
contribute to the increasing presence of heavy metals in the environment. Another
anthropogenic source of heavy metals are the metallurgical activities which include
smelting and metal fishing in addition to energy production and transportation,
microelectronic products and waste disposal.
Soils irrigated by wastewater accumulate heavy metals such as Cd, Zn, Cr,
Ni, Pb, and Mn in surface soil. When the capacity of the soil to retain heavy metals is
reduced due to repeated use of wastewater, soil can release heavy metals into ground
water or soil solution available for plant uptake (Kumar Sharma et al.). These metals
are toxic in both their chemically combined forms as well as the elemental form.
Exposure to these contaminants present even in low concentration in the environment
can prove to be harmful to the human health (Saxena and D’Souza).
1.1.2 Toxicity of Cd to the Living Organisms
Cd is a heavy metal that enters the environment mainly due to phosphate
fertilizers and processes derived from industry and mining. Cd is unique among
metals because of its diverse toxic effects and the main problem of its accumulation
is the rapid transference into the food chain through plants that take up the metal by
their roots. Cd inhibits plant growth producing alterations in the photosynthesis rate,
water use efficiency and the uptake and distribution of micro- and macro-nutrients.
Additionally, Cd disturbs the plant antioxidant system and induces the production of
reactive oxygen species (ROS) leading to an oxidative stress (Cuypers et al.;
Romero-Puertas et al.). Cd exposure induces a strong disorganization of the light
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Figure 1: Sources of heavy metal ions pollution
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collecting antennas, electron transfer chain, Calvin cycle and membranes, as
established by proteomic approaches (Villiers et al.).
Cd can be accumulated in the food chain posing a serious threat to human
health (Vijver et al.). The human body generally takes Cd from occupational
exposure or non-occupational exposure. So, in case of environmental pollution, the
gastrointestinal tract receives Cd as food and water and absorbs it to the body
(Krenkel and International Association on Water Pollution Research) and then, Cd is
taken up into cells by membrane transport proteins designed for acquisition of
nutrient metals (Mg, Fe, Mn, Zn, Co, Cu, Mo) (Sunda and Huntsman). It was found
that Cd has high protracted biological half-life (approximately 20–30 years in
humans), low rate of excretion from the body, and predominant storage in soft tissues
(primarily liver and kidney) rather than bone (Goering et al.). Also, Cd has been
designated a human carcinogen by the International Agency for Research on Cancer
and the US National Toxicology Program (International Agency for Research on
Cancer and International Agency for Research on Cancer; Integrated Laboroty
System)
1.2 Heavy Metal Removal Methods – A Brief Review
1.2.1 Chemical Precipitation
In precipitation processes, chemicals react with heavy metal ions to form
insoluble precipitates. The forming precipitates can be separated from the water by
sedimentation or filtration and the treated water is then decanted and appropriately
discharged or reused. Examples of chemical precipitation include hydroxide
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precipitation, sulfide precipitation, chemical precipitation combined with other
methods and heavy metal chelating precipitation.
Peters and Ku studied batch precipitation of zinc, cadmium, and nickel by
both hydroxide and sulfide precipitation under various combinations of conditions
such as pH conditions, reaction times, type and concentration of complexing agents.
It was found that the precipitate formation is strongly inhibited by the presence of a
complexing agent and that higher pH conditions improve both of the nucleation rate
and the resulting particle size distribution. In the absence of a chelating agent, the
residual cadmium concentration was very low (Cd < 0.3 mg/L).
Lin et al. used cadmium containing wastewater as an effluent to study the
efficiency of hydroxide precipitation for Cd2+ removal. They used both lime and
magnesia as precipitant and found that magnesia (Mg (OH)2) is more efficient
precipitant than lime due to its capability to form highly insoluble β-Cd(OH)2. The
removal process adopted by Lin et al. achieved 100% efficiency.
Other precipitation methods include co-precipitation. It consists of three steps:
inclusion, surface adsorption and occlusion. For example, Schlauch & Epstein, 1977
used ferrous sulfide as a co-precipitator and noticed that Cd2+ was greatly decreased
in concentration from the influent wastewater. Brantner & Cichon, 1981 compared
hydroxide, carbonate and sulfide treatments for the removal of heavy metals, and
found that precipitation of Cd was very effectively achieved by all the three
processes.
Chemical precipitation is well known for its simplicity process and
inexpensive capital cost. However, chemical precipitation is usually used to treat
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high concentration wastewater containing heavy metal ions and it is ineffective when
metal ion concentration is low. In addition, chemical precipitation is not economical
and can produce large amount of sludge to be treated with great difficulties.
1.2.2 Ion Exchange
There are major advantages of ion exchange processes, such as high
treatment capacity, high removal efficiency, fast kinetics and high potential of resin
regeneration (Kang et al.). Using ion-exchange, either all metal ions can be removed
from a solution or a specific metal ion can be removed selectively (Wang and
Fthenakis). Ion-exchange resin, either synthetic or natural solid resin, has the specific
ability to exchange its cations with the metals in the wastewater. For instance,
Petersen, Burbank Jr, & Amy, 1981 investigated the use of liquid ion-exchange in
removing Cd and Ni from both segregated and composite waste streams. Langmuir
and Freundlich isotherm equations adequately described the removal of heavy metals
in their system.
Ion-exchange has some disadvantages though. For example, resins must be
regenerated by chemical reagents when they are consumed but the regeneration can
cause serious secondary pollution. It is expensive, especially when treating a large
amount of wastewater containing heavy metal in low concentration, so they cannot
be used at large scale (Arbabi and Golshani).
1.2.3 Membrane Filtration
Membrane filtration technologies with different types of membranes show
great promise for heavy metal removal for their high efficiency, easy operation and
space saving (Fu and Wang). The main element of the membrane filtration process is
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the semipermeable membrane, and the most important parameter is retention.
Retention depends on several factors such as solute type, solution composition, pH,
temperature, membrane material, pore size, hydrodynamics, etc. (Geckeler and
Volchek). Researchers have studied various aspects of membranes, especially
membrane material, pore size, and composition, in order to find an efficient and
economic membrane which can give high heavy metal removal efficiency. The
membrane processes used to remove metals from the wastewater are ultrafiltration,
reverse osmosis, nanofiltration and electrodialysis.
Membrane filtration technique has high efficiency, but its problems such as
high cost, process complexity, membrane fouling and low permeate flux have limited
their use in heavy metal removal (Fu and Wang).
1.2.4 Coagulation and Flocculation
Coagulation and flocculation followed by sedimentation and filtration is also
employed to remove heavy metals from wastewaters. Coagulation is the
destabilization of colloids by neutralizing the forces that keep them apart. The
produced sludge has good sludge settling and dewatering characteristics. But this
method involves chemical consumption and increased sludge volume generation.
1.2.5 Flotation
Flotation has been employed to separate heavy metals from a liquid phase
using bubble attachment, originated in mineral processing. Dissolved air flotation
(DAF), ion flotation and precipitation flotation are the main flotation processes for
the removal of metal ions from solution.
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Foam flotation depends on the use of a surfactant that causes a non-surface active
material to become surface active, forming a product that is removed by bubbling a
gas through the bulk solution to form foam. With dilute wastewater containing heavy
metals in the parts per million ranges, foam flotation offers several distinct
advantages. For example, S.-D. Huang, Huang, Gua, Wu, & Huang, 1988 used ferric
hydroxide and aluminum hydroxide as the co-precipitant and sodium lauryl sulfate as
the collector and frother to remove Cd from a system of Cd2+, Pb2+ and Cu2+. The
results revealed that cadmium can efficiently be removed using the foam flotation
method.
Another floatation method is the adsorbing colloid flotation method;
adsorption takes place on a precipitate (coagulant) which behaves as a carrier. The
carrier is the floated, usually accompanied by a suitable ―collector‖ surfactant (Rubio
et al.). For instance, Huang and Wilson found that the most significant methods for
Cd2+

removal

is

adsorbing

colloid

flotation

with

cupric

sulfide

and

hexadecyltrimethylammonium bromide (HTA). They established that this method is
effective at ionic strengths as high as 2.0 M and also found that it is insensitive to
large pH variations.
Ion floatation is also a promising method for the removal of heavy metal ions
from wastewater. The process of ion flotation is based on the concept of imparting
the ionic metal species present in wastewater hydrophobic by the use of surfactants
and then subsequent removal of these hydrophobic species by air bubbles (Polat and
Erdogan). As an example for the use of this method is the work of Yuan et al. who
used ion flotation to remove Cd, Pb and Cu from dilute aqueous solution with a
plant-derived biosurfactant, tea saponin. The maximum removal of Cd2+ was
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71.17%, when the ratio of collector to metal was 3:1, initial Cd concentration was
10-5 mol/L or 1.12 mg/L, and pH was 4.0. The residual cadmium concentration
obtained in this process complies with both US EPA and IS 10500.
Floatation provides many benefits over the more conventional methods, such
as high metal selectivity, high removal efficiency, high overflow rates, low detention
periods, low operating cost and production of more concentrated sludge (Rubio et
al.). However, the shortcomings involve high initial capital cost, high maintenance
and operation costs.
1.2.6 Sorption
Sorption and adsorption is now recognized as effective and economic
methods for heavy metal (especially Cd) containing wastewater treatment when the
heavy metal is present in solution at a range of 1–100 mg/L. that is due to the
inexpensive locally and naturally available material which can be efficiently used for
the removal of Cd2+ from aqueous solution. The Sorption process offers flexibility in
design and operation and in many cases will produce high-quality treated effluent. In
addition, because sorption and adsorption are sometimes reversible, they can be
regenerated by suitable desorption process (Fu and Wang).
There are many types of sorbents and adsorbents that can be used for the
removal of heavy metals ions from wastewater such as activated carbon, carbon
nanotubes, Polymer and beads, low-cost adsorbents and bioadsorbents.
1.2.6.1 Activated Carbon
Activated carbon has been widely used as an adsorbent for a long time, and is
still being used with several kinds of modifications. The adsorption capacity of
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activated carbon depends on: (a) nature and concentration of the adsorbate, (b) nature
of the adsorbent, (c) pH of the solution (Babić et al.). For example, C. Huang et al.
studied the adsorption characteristics of Cd onto three activated carbons (Filtrasorb
400, Nuchar 722, andNuchar C-190-N) and investigated operating factors such as
pH, initial cadmium concentration, dose and type of carbon, and the effect of the
presence of chelating agents on cadmium adsorption. It was found that removal
efficiency increased with increasing pH for all the three carbons. Since the Filtrasorb
400 and Nuchar 722 are both H-type carbons, precipitation of CdCO3 occurs at high
pH. The Nuchar C-190 had the highest adsorptive capacity for Cd adsorption among
the three carbons tested. Strong chelating agents were added in order to improve the
cadmium removal efficiency of the Filtrasorb 400 (Filtrasorb 400 adsorbs primarily
anionic species). However, the high cost of activated carbon limits its use in
adsorption.
1.2.6.2 Polymer and Beads as Adsorbent
Polymer adsorbents use the mechanism of precipitation and ion
exchange/chelation for heavy metal removal. A polymer adsorbent is composed of a
synthetic polymer and ligand, the metal ion is trapped by the polymer ligand through
a coordinate bond and hence is removed in the process (Kesenci et al.; Tsao et al.)
used phytic acid (which is an important plant constituent) as ligand, with the polymer
poly 4-vinyl pyridine (PVP). Phytic acid (C6H18O24P6) has twelve replaceable
protons, providing it with the ability to serve as an excellent complexing agent.
Phytic acid containing PVP showed an adsorption capacity of 6.6 mg/g of phytic acid
whereas only PVP showed 3.3 mg/g adsorption capacity.
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Liu et al. synthesized magnetic chitosan nano-composites on the basis of
amine functionalized magnetite nanoparticles. The chitosan on the surface of
magnetic nanoparticles form coordinate bonds with the heavy metal and the process
is reversible, i.e. metal ions can be removed from chitosan in weak acidic deionized
water with the assistance of ultrasound radiation.
Many varieties of low-cost adsorbents have been developed and tested to remove
heavy metal ions. However, the adsorption efficiency depends on the type of
adsorbents. Biosorption of heavy metals from aqueous solutions is a relatively new
process that has proven very promising for the removal of heavy metal from
wastewater.
1.2.6.3 Magnetite
Magnetite (Fe3O4, ferrous-ferric oxide) is the most important and the most
strongly magnetic mineral on earth (Harrison et al.; Dunlop and Özdemir). It is a
high-grade, naturally-occurring ferrimagnetic material (Banerjee and Moskowitz).
However, its nanoparticles (MNPs), show different electrical, chemical, magnetic
and optical properties from those presented in bulk size because of their nano size.
This is attributed to the large ratio of surface to volume atoms in nanoparticles, the
surface energy becomes important

when compared with volume energy and

therefore the equilibrium situation can be different from that for bulk materials
(Hernando et al.). Hence, MNPs depict high magnetic moment and anisotropy that
enables them to be extensively utilized as a potential breakthrough technology for
high-density storage of information (Sellmyer and Skomski), in addition to having
major biomedical (J. L. Zhang et al.; J.-Y. Huang et al.; Gao et al.; Kim et al.;
Andronescu et al.), industrial (Pirmoradi et al.; Polshettiwar et al.; Koh and
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Josephson) and environmental applications (Zach-Maor et al.; Mann; Donia et al.; Ni
et al.; D. Zhang et al.).
Magnetite is a member of the spinel group which has the standard formula
A(B)2O4. The A and B represent usually different metal ions that occupy specific
sites in the crystal structure. In magnetite’s formula, Fe3O4, the A metal is Fe+2 and
the B metal is Fe+3. The spinel unit cell is a face-centered cubic with the space group
of Fd3m. Theoretically, the unit cell is made up of eight cubic units with a lattice dspacing constant a = 8.396 Å. It contains 56 atoms, including 32 oxygen atoms, 16
Fe3+ and 8 Fe2+ and may be denoted as (Fe3+)tetr8 [Fe3+Fe2+]oct8 O32. Oxygen anions
form a closed-packed FCC lattice. The cations lie in the interstitial sites within the
oxygen framework and these sites are of two types: 64 tetrahedral (A site) which are
located at the center of a tetrahedron whose corners are filled by oxygen atoms, and
32 octahedral (B site) which are located at the center of an octahedron whose centers
are also filled by oxygen atoms. But, only 8 of the A sites and 16 of the B sites are
really occupied by cations (Banerjee and Moskowitz). This crystallographic
configuration is denoted inverse spinel as determined by neutron diffraction (Shull et
al.). Structure of magnetite is depicted in Figure 2.
Magnetite is one of the most promising adsorbents of heavy metal cations due
to its high adsorption capacity for heavy-metals such as Hg, Ag, Pb, Cd and Tl
(Medvedeva et al.). In addition to its low toxicity and cost of preparation, magnetite
nanoparticles exhibit high surface to volume ratios because of their nano-scale size
(Girginova et al.). More importantly, magnetite can be easily removed from the
reaction medium with an external magnetic field because of its magnetic properties
(L. Wang et al.; Medvedeva et al.). The latter is considered a major advantage of

13
magnetite as an adsorbent since most of the other adsorbents are difficult to remove
from the reaction medium, thus causing a secondary environmental problem.
Because of its high affinity for surface functionalization, the adsorption capacity of
magnetite can be further increased by functionalizing it with chelating or sorbent
material which will provide extra advantages such as preventing the aggregation
(Erzsébet Illés and Tombácz; E. Illés and Tombácz; C.-W. Zhang et al.) and air
oxidation (Maity and Agrawal; Atta et al.) of the magnetite nanoparticles in aqueous
system.
1.2.6.4 Hydroxyapatite
Hydroxyapatite (Ca10(PO4)6(OH)2, HAp) is the main inorganic constituent of
vertebrate hard tissues such as bones and teeth. Its general chemical formula is
M10(PO4)6(OH)2, where M is metal cation like Ca2 +, Mg2 +, Ba2 +, Mg2 +, Na+, Al3 +
and so on. It belongs to the apatite-group minerals which has special crystal
chemistry characteristics that enable them to serve in the field of wastewater
treatment from heavy metals (Zhao et al.; Berlyand et al.; Batton et al.). The
hexagonal crystal structure of HAp with space group P63/m provides it with stable
physical and chemical properties (Cui et al.). Unit cell of HAp has ten Ca2+, six PO4 3

and two OH. HAp can immobilize heavy metals from aqueous solutions because of

the high ion exchange strength of Ca2+ with other metal ions (Takeuchi and Arai).
PO43-and OH- can also be easily replaced by other kinds of ions.
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(a)

(b)

Figure 2: (a) Face-centred cubic spinel structure of magnetite. (b) Magnification of
one tetrahedron and one adjacent octahedron sharing an oxygen atom. (Friák et al.).

Figure 3: Crystal structure and schematic illustration of stoichiometric
hydroxyapatite (HAp). (Okada and Matsumoto).
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HAp is a very suitable material for the removal of heavy metals due to its low
water solubility, availability, low cost, high stability under oxidizing and reducing
conditions, at normal temperatures and at pH between 4 and 12. Most importantly,
HAP has high sorption capacity for heavy metals and ion exchange (Zhao et al.; Li et
al.; Vila et al.; Admassu and Breese; Gauglitz et al.; Koutsopoulos).
The sorption mechanisms of the heavy metals are different and mainly
involve: ion exchange, dissolution/precipitation, surface complexation and physical
adsorption (Srinivasan et al.; Xu et al.; Hasret et al.; Admassu and Breese). But, the
contribution of each process in removal of metals is still unsolved (Smičiklas et al.).
There are many reports on using HAp to remove a variety of metals. For
instance, Zhou et al. (Y.-J. Wang et al.) have synthesized nanosized hydroxyapatite
as adsorbent for the removal of copper ion in the absence and presence of different
low-molecular-weight organic acids. Li et al. studied the efficiency of two particle
sizes of HAp: nanometer particle size (nHAp) and micrometer particle size HAp
(mHAp) to immobilize heavy metals in soils. Smičiklas et al. found that HAp had
high sorption capacity for Cd2+, Zn2+ and Pb2+. They reported that the maximum
sorption capacity of HAp was 676.09, 67.55 and 37.53 mg/g for Pb2+, Cd2+ and Zn2+
respectively. Also, Asri et al. evaluated the treatment of simulated wastewater media
from heavy metal ions (Pb2+, Cu2+, Zn2+) using converted natural phosphate rock into
mesoporous HAp. The adsorption capacity for metal ion using the mesoporous HAp
was 352, 166 and 152, for Pb2+, Cu2+ and Zn2+ mg/g, respectively. However, all the
adsorbents based on HAp described above had the common drawback of
inconvenience to separation.
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1.2.6.5 Using Magnetite/hydroxyapatite Nanoparticles as Cadmium Adsorbent
Magnetite and HAp adsorbents use different mechanisms in the removal of
heavy metals. This difference in behavior is mainly due to their composition. There
are many reports on combining the adsorption ability of HAp and the separation
convenience of magnetite to remove variety of metals from water (summarized in
Table 1). Foroughi et al. synthesized magnetic CoFe2O4–hydroxyapatite core–shell
nanoparticles and used them as adsorbents to remove Zn2+ from aqueous solution.
The adsorbent showed high adsorption capacity for Zn2+ and could be easily
separated from aqueous solution by the application of an external magnetic field.
Wang et al. fabricated magnetic hydroxypropyl chitosan/oxidized multiwalled carbon
nanotubes (MHC/OMCNTs) composites to study the adsorption characteristics of
lead ions in aqueous solutions. They found that the adsorption process is strongly
dependent on pH of solution and that it was endothermic and spontaneous. They also
synthesized magnetic hydroxyapatite-immobilized oxidized multi-walled carbon
nanotubes (mHAp-oMWCNTs) to adsorb Pb2+ and achieved 96% removal
efficiency.
Yang et al., 2014 prepared HAp layers from 10 nm to 150 nm in thickness on
iron oxide spheres via surface-controlled precipitation of HAp. The surface reactivity
of the core-shell particles towards Pb2+, Y3+, Eu3+and Sb3+ was studied. They
found that the nature and extent of the reactions depended significantly on the
hydroxyapatite layer structure but was not significantly influenced by the magnetic
core. Cui et al. synthesized magnetic nano-composite through embedding magnetite
into magnesium hydroxyapatite (MgHAp/Fe3O4) to study Cu2+ immobilization from
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aqueous solution. The prepared composite had good capacity of removing Cu2+ from
aqueous solutions.
Feng et al. synthesized and used magnetic hydroxyapatite nanoparticles
(MNHAp) for the removal of Cd2+ and Zn2+ from aqueous solutions. The most
advantageous characters in these absorbents were there separation convenience
compared to the other adsorbents. Dong et al. prepared (HAp/Fe3O4) composite to
remove lead ions from aqueous solutions and found that this composite could remove
more than 99% of Pb2+ under desirable experimental conditions. Zhuang et al.
synthesized monodisperse magnetic hydroxyapatite (HAp)/Fe3O4 and utilized it for
the removal of Pb2+ from aqueous solution. The main mechanism at pH 3.0-6.0 was
ion exchange. They could separate the Pb2+ loaded sorbent conveniently from the
solution.
These sorbents are usually employed in the form of loose powder in a packed
bed reactor, or in the form of solidified porous filter. In the later scenario, solid
particulates are pressed into the desired shape and heat-treated for calcination to
ensure mechanical integrity of the formed shapes. Despite the fact that heat treatment
is a pre-requisite for calcination it should not affect the structure or properties of the
materials. In the current study, the effect of heat treatment on the structure and
magnetic properties of pure HAp, magnetite, 1:1 physical mixtures and HAp
synthesized on presence of magnetite (1:1 and 2:1 ratio) is investigated. Also, the
capacity of those sorbents to adsorb Cd2+ will be studied.
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Table 1: Adsorption capacities and experimental conditions of HAp/magnetite
materials for various heavy metal removal from wastewater
Adsorbent

Adsorbate
metal

Maximum
Adsorption
capacity

Optimum
pH

Adsorption
Isotherm
model

Reference

Magnetic
CoFe2O4–
hydroxyapatite
core–shell
nanoparticles

Zn2+

85%

7

Langmuir

(Foroughi
et al.)

(MHC/OMCNTs)
composites

Pb2+

101.1 mg/g

5

Sips

(Y. Wang,
Shi, et al.)

(mHApoMWCNTs)

Pb2+

698.4 mg/g

4.1

Freundlich

(Y. Wang,
Hu, et al.)

HAp layers on Pb2+,
Y3+, 3.9, 1.88, 1.25 5, 6, 6 and
3+
3+
iron oxide spheres Eu , Sb
and
4.00 4,
mmol/g,
respectively
MgHAp/Fe3O4

Cu2+

Magnetic
hydroxyapatite
nanoparticles

Cd2+
Zn2+

(HAp/Fe3O4)
composite

Pb2+

598.8 mg/g

Monodisperse
(HAp)/Fe3O4

Pb2+

440 mg/g

305 mg/g

5.9

(Yang
al.)

et

Freundlich

(Cui et al.)

Langmuir

(Feng
al.)

et

5.0-7.0

Langmuir
and
Freundlich

(Dong
al.)

et

3

Langmuir

(Zhuang et
al.)

and 1.964
and 5.0
2.151
mmol/g,
respectively
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Chapter 2: Materials and Methods

2.1 Preparation of HAp/magnetite physical mixture (P1:1)
Analytical-grade HAp and magnetite nanoparticles were purchased from
Sigma-Aldrich, USA. A HAp/magnetite physical mixture with a molar ratio of 1:1
was prepared by milling respective amounts of the two reactants for 24 hours using
ZrO2 media and ball milling machine. All pure and mixture powders were subjected
to heat treatment at 200, 400, and 600 °C for 1 hour at each temperature in air to
evaluate their structural and properties changes, if any.

2.2 Preparation of HAp-on-magnetite mixtures (S1:1) and (S2:1)
While maintaining the temperature of the solutions at 70 °C, 0.15 mol
NH4H2PO4 was added drop wisely to 0.25 mol CaCl2 beaker in which 5.79 g (0.025
mol) Fe3O4 nanoparticles were stirring vigorously inside. Then, pH was adjusted to
be 10-11. The precipitate was then decanted and washed with water then ethanol.
Next, the product was left to dry in the oven at 70° C for 24 hours then ground,
sieved at 63.5 μm and milled using ZrO2 at 300 rpm for 48 hours in order to reduce
its particle size to be in nanoscale. The MNHAps were heat treated at 200, 400, and
600°C for 1 h in air. The same procedure was followed when preparing S2:1
nanoparticles except for reducing Fe3O4 moles to half.
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2.3 Characterization of sorbents
As-received and heat-treated powders were characterized by X-ray diffraction
(XRD), infrared spectroscopy (IR), thermogravimetric analysis (TGA), N2adsorption and scanning electron microscopy (SEM) techniques.

XRD analysis was carried out on fully ground powders using a PW1840
diffractometer with a Cu Kα line at 1.5404 Å, an operating voltage of 40kV and a
30mA current generator. All samples were analyzed over a 2 theta (2θ) range 10 70o. Standard SiO2 was used for calibration of the instrument to ensure accurate peak
positions.
IR analysis was performed using a KBr pellet technique and analyzed using a
Nexus 470 FTIR spectrometer, Thermo-Nicolet, USA over a wave number range of
400-4000 cm-1.
TGA was performed using a TGA-50 Shimadzu, Thermogravimetric
Analyzer. A certain weight of the powder sample; 5 ± 1 mg powder was placed in an
aluminum sample holder, then heated in air to a maximum temperature of 600 oC at a
heating rate of 20oC/min.
BET surface area, porosity, pore size distribution and pore volume of the
prepared powders were measured using nitrogen gas adsorption at 77 K employing a
Quantochrome NOVA 1000 volumetric gas sorption instrument; Autosorb, USA.
SEM analysis was carried out using a JEOL microscope at an operating
voltage of 15 kV. Solid powder samples were pre-coated with gold for 30 seconds.
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Magnetic properties of the as-received and heat-treated powder samples were
studied by measuring the magnetization of these samples at 300K as a function of
applied magnetic field using a vibrating sample magnetometer (VSM, Quantum
design Inc, USA) instrument. Structure-property relationships were thereafter
attempted.

2.4 Sorption experiments
Pure magnetite, HAp, P1:1, S1:1 and S2:1 were preliminarily evaluated as
sorbents of Cd2+ ions in simulated waste water media containing 1 mmol of Cd2+
ions. A batch study was used to evaluate the optimum pH, the initial weight of
sorbents, the initial concentration of Cd2+ in solution, and the reaction time in
simulated aqueous media. Changes in [Cd2+] were followed using an ICP-OES
technique.

2.4.1 Effect of pH
0.1 g of sorbent was added to 10 ml of 112.4 ppm Cd2+ solution. Then the
mixture was shaken for 1 h, at varying pH from 5 to 8 at 100 rpm before it was
separated by filtration.

2.4.2 Effect of sorbent weight
Different weights of sorbents were added to 112.4 ppm of 10 ml of Cd2+
solution as the following: 0.01, 0.03, 0.05, 0.08, 0.1 g. Then the mixture was shaken
for 1 hour at 100 rpm before it was separated by filtration.
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2.4.3 Effect of initial metal concentration
0.05 g of sorbent was added to 10 ml of Cd2+ solution with the following
concentrations: 5.62, 11.24, 56.21, 112.4, 562.06, 1124.11 ppm. Then the mixture
was shaken for 1 hour at 100 rpm before it was separated by filtration.

2.4.4 Effect of equilibration time
0.05 g of sorbent was added to 10 ml of 112.4 ppm Cd2+ solution. Then the
mixture was shaken for 30 min, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, 4 h, 6 h, 8 h, 10 h, and 12 h
at 100 rpm before it was separated by filtration.
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Chapter 3: Results and Discussion

Starting materials used in the current study included commercial
hydroxyapatite (Ca/P 1.67) and magnetite. These materials were characterized for
their

composition

using

x-ray

diffraction,

infrared

spectroscopy,

and

thermogravimetric analysis to confirm their phase purity and to assess their
crystallinity. In addition, particles of both commercial materials were assessed for
their size and morphology using scanning electron microscopy, while their surface
characteristics, such as surface area, pore size and pore size distribution were
evaluated using N2-adsoprtion technique. In addition to the above, a physical mixture
made by milling a HAp and magnetite powders at a molar ratio of 1:1 was also
evaluated for its composition, morphology and powder characteristics using the same
techniques used for pure powders. Moreover, the effect of thermal treatment at 200,
400 and 600 °C on the composition, morphology and powder characteristics of pure
starting materials and their physical mixture was also studied as a function of
temperature. Magnetization of the pure starting materials and their physical mixtures
was also measured at room temperature and as a function of temperature. In the
following sections, details about these measurements will be discussed.

3.1 Commercial hydroxyapatite powder
3.1.1 X-Ray Diffraction
Figure 4 shows the XRD pattern of the as-received HAp powder. The pattern
shows a highly crystalline powder. It showed peaks with variable intensities at 2θ
values of 22.96, 25.97, 28.24, 29.02, 31.92, 32.29, 33.05, 34.20, 39.95, 46.83 and
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49.57°. These peaks are all attributed to the presence of phase-pure HAp when
compared with its standard JCPDS cards 9-432 and 72-1243 (NIST standard PDF
card). No signs were found for the presence of other types of calcium phosphates. In
order to study the thermal stability of commercial HAp powder for the fabrication of
membranes, it was heat treated at 200, 400 and 600 °C. Figure 5 shows the effect of
thermal treatment on the composition and crystallinity of HAp powder. An overall
increase in the intensities of all peaks of HAp was observed. This was also
concurrent with the absence of non-HAp XRD peaks. These results indicate the
thermal stability of HAp and the relative enhancement of the crystallinity of the HAp
with heating, which is a common feature of ceramic materials (Qiu et al.; Murugan
and Ramakrishna; Haberko et al.). This was observed in the increase in intensities of
the peaks and the minor changes in the relative intensities of other peaks in the
patterns.
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Figure 4: X-ray diffraction pattern of as-received commercial hydroxyapatite powder

Figure 5: X-ray diffraction patterns of commercial hydroxyapatite powder treated at
200, 400, and 600 oC, compared with that of the as-received HAp powder
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3.1.2 Infrared Spectroscopy
Figure 6 shows IR spectrum of the as-received commercial HAp powder. A
broad medium intensity band was observed at 3000-3500 cm-1. This band is
attributed to the stretching mode of vibration of O-H of physically and chemically
bonded water. Also, a medium intensity band at 1640 cm-1 was observed for bending
mode of water. In addition, the shoulder at 3572 cm-1 could be related to the
structural O-H band, which is part of the HAp crystal structure. The bending mode of
vibration of the O-H group was also shown as a medium size shoulder at 640.5 cm-1.
In addition, a sharp intensity band was shown at 1045.9 cm-1 and is attributed to the
stretching mode of vibration of the P-O of PO43- group, which is part of the chemical
structure of HAp (Murugan and Ramakrishna; Lafon et al.). On the other hand, the
bending mode of vibration of this group appears as two sharp bands at 565.6 and
603.5 cm-1 in addition to a low intensity band at 472 cm-1 (Haberko et al.). Two
medium size bands also appeared at 1408 and 1460 cm-1 in addition to band at 872
cm-1, and are attributed to the presence of carbonates (CO32-) in the HAp structure.
These results, therefore, suggest that the commercial HAp powder is carbonated,
where the carbonate group usually substitutes for the OH- or PO43- group, giving A
and B-type carbonated HAp, respectively. The A-type carbonated HAp shows
vibrations of carbonated group at 1550 cm-1, 1457 cm-1 and 880 cm-1. While, B-type
carbonated HAp shows vibrations at 1462 cm-1, 1418 cm-1 and 876 cm-1. The CO32vibration modes observed in IR spectrum (Figure 6) suggests that this HAp is a Btype carbonated HAp, i.e. part of the phosphate (B-type) group in the HAp structure
is replaced by carbonate group (Elliott; Landi et al.; Boanini et al.).
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Upon heat treatment of the commercial HAp powder, an increased resolution
of these bands was shown in the spectra of heat treated HAp powder that are shown
in Figure 7. Bands characteristic to structural PO43-, OH- and CO32- groups appeared
in the spectra of the heat treated powders. The improved resolution of the two bands
at 567 and 610 cm-1 that are characteristic to the bending modes of the PO43- group
was previously related to the improved crystallinity of HAp powder (Zhou et al.). On
the other hand, two bands representing the stretching and bending modes of vibration
of the structural OH- group at 3572 and 635 cm-1 increased in their sharpness and
intensity. This is common feature that was previously shown during calcination of
HAp powders (Haberko et al.). This was concurrent with a decrease in the broadness
of the band representing the physically and chemically adsorbed water, with a
continued appearance of the band related to the chemically adsorbed water at 3451
cm-1.
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Figure 6: Infrared spectrum of as-received commercial hydroxyapatite powder

Figure 7: Infrared spectra of commercial hydroxyapatite powder treated at 200, 400,
and 600 °C, compared with that of the as-received HAp powder
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3.1.3 Thermogravimetric Analysis
The thermal properties that describes the structural composition of
hydroxyapatite was studied by thermogravimetric (TGA) analysis. Figure 8 shows
the TGA diagram of commercial hydroxyapatite. It shows the weight loss during
heating the HAp powder till 600 °C. Two events were shown in the diagram. The
first weight loss of 3% appeared at an average temperature of 100 °C and is attributed
to the evaporation of the physically adsorbed water; also known as water of
hydration. It is a result of the adsorption of moisture onto the surfaces of the HAp
particulates. The second weight loss event of 4% appeared at an average temperature
of 300 °C and is attributed to the evaporation of the chemically adsorbed water; also
known as water of crystallization. Its evaporation takes place at a higher temperature
due to the chemical binding of the water of crystallization to the HAp crystal lattice.
The overall weight loss due to heating the HAp powder to 600 °C was around 7%,
which indicates the low content of water and the absence of other adsorbed species.
HAp powders that were pre-treated at 200, 400 and 600 °C were also tested
for their thermal history using TGA analysis. Figure 9 shows the TGA diagrams of
these powders in addition to that of the as-received HAp powder. All powders
showed variable degrees of overall weight loss, summarized in the insert of Figure 9.
Similar to the two events shown in the TGA diagram of the as-received HAp, the
sample pre-treated at 200 °C showed lower extents of weight loss amounting to 5.2%
weight loss. On the other hand, the powders that were pre-treated at 400 and 600 °C
showed 3.5 and 2.5%, respectively. It was difficult to distinguish the events related to
the evaporation of the water of hydration and that of crystallization. In fact, it should
be mentioned that the thermal pre-treatment participated in the removal of water of
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hydration, which indicates that the weight losses shown in Figure 9 are mostly
related to the removal of the water of crystallization. The results shown in Figures 89 indicate the structural purity and stability of HAp, which is essential to know if
HAp powders are to be used as sorbents for the removal of heavy metal ion
pollutants from wastewater.
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Figure 8: Thermogravimetric diagram of as-received commercial hydroxyapatite
powder

Figure 9: Thermogravimetric diagrams of commercial hydroxyapatite powder treated
at 200, 400, and 600 °C, compared with that of the as-received HAp powder. Insert:
variation of the weight loss of hydroxyapatite powder samples as a function of the
temperature of pre-treatment
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3.1.4 N2-adsorption
Figure 10 shows the adsorption-desorption isotherm of N2 onto/into the asreceived HAp particulates. The isotherm shows type III isotherm, which indicates a
deviation from Langmuir monolayer adsorption and the presence of multilayer
adsorption. This is one of the common adsorption isotherms in ceramic compounds.
This hysteresis showed a pore size distribution with a peak at 200 Å (insert of Figure
10), which indicates the presence of mesoporosity in the HAp particulates
(Rouquerol et al., ―CHAPTER 1 - Introduction‖). Upon heat treatment of the HAp
powder samples at 200, 400 and 600 °C, the same type of isotherm (type III) was also
shown (Figure 11), which indicates that heat treatment of the HAp powders did not
affect their surface properties. This was also confirmed by pore size distribution
measurements where all samples showed a peak at 200-220 Å (Figure 12), which
indicate mesoporosity in the HAp particulates (Rouquerol et al., ―CHAPTER 1 Introduction‖). Moreover, a slight variation in the BET surface area of the HAp
particulates upon thermal treatment was observed (Figure 13), where all samples
showed an average surface area of 16.75 m2/g. The low values of surface area are
related to the micrometer scale particle size of the HAp powders, and/or the presence
of agglomerates of the small size (sub-m) particulates. This is confirmed by
observing loops (Figure 11), as will be shown in the next section.
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Figure 10: N2-Adsorption isotherm and pore size distribution (insert) of the asreceived commercial hydroxyapatite powder

Figure 11: N2-Adsorption isotherm of commercial hydroxyapatite powder treated at
200, 400, and 600 °C, compared with that of the as-received HAp powder
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Figure 12: Pore size distribution of commercial hydroxyapatite powder treated at
200, 400, and 600 °C, compared with that of the as-received HAp powder

Figure 13: Variation in the BET surface area of commercial hydroxyapatite powder
treated at 200, 400, and 600 °C, compared with that of the as-received HAp powder
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3.1.5 Scanning Electron Microscopy
HAp particulates are irregular in shape with a wide particle size distribution.
Figure 14a shows the as-received HAp particulates with as large as 11 m, and other
particulates with a wide range of particle size distribution. Moreover, agglomerates
of sub-m particulates can be also shown. On the other hand, Figure 14b shows a
more extensive agglomeration of the HAp particulates after heat treatment at 600 °C.
This phenomenon appears to take place due the packing of the particles and the
evaporation of the physically and chemically adsorbed water by heating at 600 °C.
As a result, particulates of as large as 25 m were observed.
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Figure 14: Scanning electron micrographs of the a) as-received and b) heat treated at
600°C commercial hydroxyapatite powder
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3.1.6 Magnetization
Hydroxyapatite, as a known ceramic material, does not have magnetic
properties unless doped with Fe-containing materials. For example, Laranjeira et al.
developed a wide range of magnetic HAp nanoparticles doped with Gd3+, Fe2+, Fe3+,
or Co2+ ions for medical imaging applications. Figure 15 shows the magnetization
measurements of the as-received and the thermally treated HAp powders. All
samples showed magnetic hysteresis and magnetization that decreased with the
increase in the temperature of the heat-pretreatment. These magnetic characteristics
could be related to the presence of trace elements impurities in the commercial HAp
powder. Referring to the materials safety data sheets (MSDS) of HAp, it was shown
that a concentration of ≤ 2500 ppm of trace elements was detected in the HAp
powder sample.
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Figure 15: Magnetization measurements of commercial hydroxyapatite powder
treated at 200, 400, and 600°C, compared with that of the as-received HAp powder
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3.2. Commercial Magnetite Powder
3.2.1 X-Ray Diffraction
Figure 16 shows XRD pattern of as-received magnetite powder. The pattern
shows a highly crystalline powder with a major peak at 2 value of 35.6°, and five
other peaks at 2 values of 30.14, 40.63, 43.38, 53.63, and 57.19°. These peaks
represent a phase-pure magnetite (Fe3O4) as compared with the JCPDS card number
89-0688 (NIST standard PDF card). Upon heat treatment of magnetite at 200, and
400 °C, there was no pronounced variation in the XRD patterns of heat-treated
magnetite powders, as shown in Figure 17. However, a major change was observed
when the temperature of treatment was increased to 600 °C. A main peak with high
intensity appeared at a 2 value of 33.22°. In addition, three peaks appeared at 2
values of 25.00, 40.86 and 49.56°. These peaks are attributed to a new phase;
hematite (Fe2O3), when compared with its JCPDS card number 89-0598 (NIST
standard PDF card). Concurrently, peaks characteristic to magnetite phase at 2
values of 30.14, and 43.38° were disappeared. It was also noted that the main peak at
a 2 value of 35.6° also appeared in the pattern of the powder that was heat treated at
600 °C. The JCPDS card of standard hematite also shows a peak at the same value
with a lower intensity than that of the main peak of hematite, which is in also in
accordance to the relative intensity of this peak in the JCPDS card of hematite. The
overlap between this peak and that of magnetite may indicate the presence of
magnetite in the heat-treated sample that now clearly shows hematite as the main
phase. However, the absence of other peaks characterizing magnetite suggests that a
phase transition of magnetite to hematite took place at or below 600 °C. Nasrazadani
and Raman showed a similar phase transition of magnetite to hematite at 066 °C,
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which confirm the current findings of the formation of hematite by heating the
commercial magnetite powder at 600 °C. Magnetite chemical formula (Fe3O4) is also
recognized as (FeO.Fe2O3), which comprises both Fe2+ and Fe3+ ions.
Transformation of magnetite (black) to hematite (reddish-brown), therefore, takes
place through the oxidation of Fe2+ to Fe3+, when magnetite is heated in air
(Shebanova and Lazor).
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Figure 16: X-ray diffraction pattern of as-received magnetite powder

Figure 17: X-ray diffraction patterns of commercial magnetite powder treated at 200,
400, and 600 °C, compared with that of the as-received magnetite powder
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3.2.2 Infrared Spectroscopy
Figure 18 shows IR spectrum of the as-received magnetite powder. It shows
unresolved bands within the region of 500-740 cm-1. Within this region, magnetite is
known by a single band at 570 cm-1. The presence of other bands could indicate the
presence of other iron oxides. However, this was not supported by the XRD patterns
of commercial magnetite powder. Upon heat treatment, these bands were better
resolved and three additional bands appeared at wave numbers of 3441.4, 1630.6,
and 1385 cm-1, as shown in Figure 19. The first two bands are attributed to the
presence of physically attached water, while the third band is related to the presence
of physically adsorbed carbonate or CO2 from the atmosphere. The presence of these
groups could be related to the high surface area of the magnetite nanoparticles which
allows the adsorption of H2O and CO2 from the atmosphere onto the surfaces of
these particles.
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Figure 18: Infrared spectrum of the as-received magnetite powder

Figure 19: Infrared spectra of commercial magnetite powder treated at 200, 400, and
600 °C, compared with that of the as-received magnetite powder
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3.2.3 Thermogravimetric Analysis
The thermal properties of the as-received magnetite nanoparticles powder
was studied by thermogravimetric analysis. Figure 20 shows the TGA diagram of
this powder sample. An overall weight loss of 2.2% was observed after heating the
powder to 600 °C. This weight loss comprised two events at 100-150 °C and 275-325
°

C. These are related to the evaporation of the physically and chemically adsorbed

water, respectively. The higher the temperature at which these types of waters were
removed as compared to those adsorbed to the surfaces of the HAp particulates
(Figure 8) could be related to the agglomeration of the magnetite nanoparticles.
Figure 21 shows the effect of heat pre-treatment of the magnetite
nanoparticles at 200, 400, and 600 °C on their weight loss when heated at a
maximum of 600 °C. For comparison, the TGA thermogram of the as-received
magnetite powder sample is included. Compared with an overall weight loss of 2.2 of
the later as-received powder sample, it was observed that the overall weight loss of
the magnetite powder that was preheated at 200 °C was decreased to 1.8% (insert of
Figure 21). Both samples showed two weight loss events due to the evaporation of
the physically and chemically adsorbed water within the same temperature range;
100-150 °C and 275-325oC, respectively. On the other hand, magnetite powder
samples that were preheated at 400 and 600 °C showed 1.6 and 0.6% of an overall
weight loss, respectively (insert of Figure 21). This overall weight loss of both
powders were expressed in one event at a temperature range of 100-250 °C, which is
likely to be attributed to the evaporation of the chemically adsorbed water. This is
based on the fact that weakly bound water of hydration is removed during the
pretreatment step at 400 and 600 °C. It should be mentioned that the transformation
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of magnetite to hematite that was shown in the XRD patterns of these samples
(Figure 17), was not reflected on the TGA thermograms of the samples.
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Figure 20: Thermogravimetric diagram of the as-received magnetite powder

Figure 21: Thermogravimetric diagrams of commercial magnetite powder treated at
200, 400, and 600 °C, compared with that of the as-received magnetite powder.
Insert: variation of the weight loss of magnetite powder samples as a function of the
temperature of pre-treatment
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3.2.4 N2-adsorption
Unlike the surface characteristics of HAp commercial m-size powder,
magnetite nanoparticles showed Type V isotherm as shown in its adsorptiondesorption diagram in Figure 22.

This is attributed to the smaller size of the

magnetite nanoaprticles and its ability to absorb higher volumes of N2. This was
further translated to a unimodal pore size distribution with a peak at 110 Å (insert of
Figure 22), indicating the presence of mesoporosity in the magnetite powder
(Rouquerol et al., ―CHAPTER 7 - Assessment of Mesoporosity‖). It should be noted
that Type V isotherms are known to take place due to the capillary adsorption of
gasses onto the surfaces of the particles, which confirms the presence of
mesoporosity in the magnetite nanoparticles. Upon heat treatment at 200, 400 and
600 °C, magnetite nanoparticles showed different types of isotherms (Figure 23).
While the as-received magnetite nanoparticles showed type V adsorption isotherm,
those thermally treated at 200 and 400 °C showed types V and III isotherms,
respectively with an increase in their pore size distribution (Figure 24). On the other
hand, magnetite nanoparticles that were pre-treated at 600 °C showed type III
isotherm with a lower extent of N2 adsorption (Figure 23) and a larger increase in the
pore size distribution (Figure 24) towards macroporosity (Rouquerol et al.,
―CHAPTER 1 - Introduction‖)f. The later behavior of the magnetite nanoparticles
that were pre-treated at 600 °C could be attributed to the changes in the crystal
structure of magnetite due to its transformation to hematite, as was proven by their
XRD results in Figure 17. This is accompanied with an overall increase in the
particle size and a drop in the BET surface area of the magnetite nanoparticles, as
shown in Figure 25. The values of BET surface area decreased from an average of 38
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m2/g for the as-received nanoparticles and those treated at 200 and 400 °C to 20 m2/g
for the nanoparticles that were treated at 600 °C.
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Figure 22: N2-Adsorption isotherm and pore size distribution (insert) of the asreceived commercial magnetite powder

Figure 23: N2-Adsorption isotherm of commercial magnetite powder treated at 200,
400, and 600 °C, compared with that of the as-received magnetite powder

50

Figure 24: Pore size distribution of commercial magnetite powder treated at 200,
400, and 600 °C, compared with that of the as-received magnetite powder

Figure 25: Variation in the BET surface area of commercial magnetite powder
treated at 200, 400, and 600 °C, compared with that of the as-received magnetite
powder
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3.2.5 Scanning Electron Microscopy
Magnetite nano-particulates tend to agglomerate because of their small size
and as a result of their magnetic interactions. Figure 26a shows the as-received
magnetite nanoparticles in the form of agglomerates with as large as 10-15 m. On
the other hand, Figure 26b shows identical micrographs of the magnetite
nanoparticles that have been treated ta 600oC, where no pronounced difference in the
microstructure nor in the extent of agglomeration was observed.

3.2.6 Magnetization
Magnetite is known to have ferrimagnetic properties. This phenomenon is
attributed to the presence of unpaired electrons in the 3d subshell of Fe2+ and Fe3+ in
the crystal structure of magnetite. This was clearly illustrated in the current study
where the as-received magnetite nanoparticles showed the highest magnetization
with a value of 80 emu/g (Figure 27). In the current study, nanoparticles are
considered

single

domain

magnetic

material.

These

are

considered

superparamagnetic. The ordering of the magnetic moments in the magnetite
nanoparticles decreases with increasing temperature, giving rise to a decrease in their
magnetization. This was observed in the magnetization isotherms of the magnetite
nanoparticles

that were heat treated at 200 and 400 °C (Figure 27), reaching

magnetization values of 68 and 50 emu/g, respectively. On the other hand, heat
treatment of the magnetite nanoparticles at 600 °C was reflected in a pronounced
decrease in the magnetization of the nanoparticles, reaching a maximum of 0.5
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Figure 26: Scanning electron micrographs of the a) as-received and b) heat treated at
600°C commercial magnetite powder
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emu/g. This is attributed to a dramatic change in the crystal structure of magnetite to
hematite, and is considered an additional confirmation of the transformation of
magnetite to hematite by heating at a 600 °C.

Figure 28 shows the dramatic

difference in the crystal structure of magnetite (cubic) from that of hematite
(Rhombohedral). Transformation of magnetite to hematite takes place through a
whole crystal lattice rearrangement by diffusion. Hematite has been previously
shown to have weak ferromagnetic properties (Tadic et al.). These results indicate
that heat treatment of magnetite should be limited to a maximum of 400 °C if
magnetic properties of the nanoparticles are to be maintained, and to avoid the loss of
magnetic properties due to the transformation to the weak magnetic hematite phase.
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Figure 27: Magnetization measurements of commercial magnetite powder treated at
200, 400, and 600 °C, compared with that of the as-received magnetite powder

Figure 28: Crystal structures of a) magnetite and b) hematite phases
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3.3. Hydroxyapatite-magnetite physical mixture (P1:1)
3.3.1 X-ray diffraction
Hydroxyapatite and magnetite powders were physically mixed in a molar
ratio of 1:1 using a ball milling machine. For an efficient mixing, ZrO2 media were
used. Figure 29 shows XRD pattern of the 1:1 physical mixture in comparison with
those of pure magnetite and HAp powders. Peaks representing HAp phase were
shown at 2 values of 25.91, 31.90, 32.28, 33.09, 34.02 40.03, 46.82, and 49.69o.
These peaks were shown at their locations that are similar to those of pure HAp
phase. Magnetite phase, on the other hand, was represented by its major peak at 2
value of 35.7 versus 35.5 in the XRD pattern of the pure phase. This slight shift was
also shown in the peaks at 2 values of 30.2 and 57.3 in comparison with the same
peaks at 2 values of 30.1 and 57.1, respectively. The slight shift observed in the
magnetite peaks may be attributed to the dispersion of the smaller nm size magnetite
nanoparticles within the physical mixture that also contain bigger size (in m) of
HAp. No indication of the presence of other phases that may represent a reaction
product between HAp and magnetite as a result of their mechanochemical mixing.
The 1:1 physical mixture of magnetite and HAp was thermally treated at 200,
400, and 600 °C for 1 hr at each temperature. Figure 30 shows the XRD patterns of
the produced powders. An overall increase in the intensities of the HAp peaks was
observed with increasing the temperature up to 600 °C, which indicates a slight
improvement in the crystallinity of the HAp phase. On the other hand, the main peak
representing pure magnetite phase at a 2 value of 35.7 was observed in the XRD
patterns of the thermally treated physical mixture. However, the intensity of this peak
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decreased with increasing the temperature up to 600 °C. Referring to the effect of
thermal treatment of pure magnetite powders (Figure 17), this was also shown, but
was also accompanied with an appearance of a major peak representing hematite
phase at a 2 value of 33.2o. The patterns shown in Figure 30 shows a peak at a 2
value of 33.08, which is attributed to HAp phase. This peak was shown as an intense
peak in the patterns of the physical mixtures treated at 200, and 400 °C. This peak
showed a relative broadening in the pattern of the physical mixture treated at 600 °C,
which indicates the overlap between the HAp and hematite peaks. Figure 31 provides
a comparison of the XRD patterns of thermally treated magnetite and 1:1 magnetiteHAp physical mixture (both treated at 600 °C), as compared with that of untreated
pure magnetite powders. These findings also indicate the transformation of magnetite
to hematite when the physical mixture was heated at 600 °C. It should be also
mentioned, however, that the absence of the hematite peak at 2 value of 24.2o and
the high increase in the main peak of HAp at 2 value of 31.9 as compared with the
HAp (or HAp + hematite) peak at 33.08 may propose the limited transformation of
magnetite to hematite at 600 °C when magnetite in a physical mixture with HAp was
heated at 600 °C.
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Figure 29: X-ray diffraction patterns of as-prepared hydroxyapatite-magnetite (1:1)
physical mixture as compared with those of the as-received precursor powders

Figure 30: X-ray diffraction patterns of hydroxyapatite-magnetite (1:1) physical
mixtures treated at 200, 400, and 600 °C, compared with that of the as-prepared
physical mixture powder
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Figure 31: X-ray diffraction patterns of as-prepared hydroxyapatite-magnetite (1:1)
physical mixture treated at 600 °C as compared with those of the as-received and the
thermally treated (at 600°C) magnetite powders.
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3.3.2 Infrared Spectroscopy
Figure 32 shows IR spectrum of the 1:1 Physical mixture that was prepared at
room temperature. A broad medium intensity band was observed at 3000-3500 cm-1.
These bands are attributed to the stretching mode of vibration of O-H of physically
and chemically bonded water. This type of water also appeared as a small intensity
band at 1639 cm-1. In addition, a sharp medium intensity band was observed at 3571
cm-1, which is related to the structural O-H band, which is part of the HAp crystal
structure. The bending mode of vibration of the O-H group was also shown as a
medium size shoulder at 645.5 cm-1. In addition, a broad and sharp intensity band
was shown at 950-1150 cm-1 and is attributed to the stretching mode of vibration of
the P-O of PO43- group, which is part of the chemical structure of HAp. On the other
hand, the bending mode of vibration of this group appears as two sharp bands at
579.6 and 558.3 cm-1 in addition to a low intensity band at 437.9 cm-1. However, the
two bands representing the phosphate group and that third band representing the OH
group were not resolved. Within these bands, the main band characteristic to the
Fe-O of magnetite can be also claimed. The presence if magnetite was confirmed by
the XRD results of this mixture. Moreover, the main band representing the phosphate
group of HAp was broader than that shown in the IR spectrum of pure HAp. In
addition to the above, two intense but unresolved bands also appeared at 1417 and
1460 cm-1, which are attributed to the presence of carbonates (CO32-) in the HAp
structure.
Upon heat treatment at 200, 400 and 600 °C, all bands representing HAp and
magnetite were better resolved (Figure 33). As described in the previous section,
evidence was found in the XRD results of the physical mixture that was treated at

60
600 °C, for the transformation of magnetite to hematite. According to previous
findings, the Fe-O band of magnetite appears at 570 cm-1 (Mürbe et al.), while Fe-O
of hematite appears at 540 and 470 cm-1 (Yariv and Mendelovici). It was difficult to
prove the presence of hematite phase by analyzing the IR spectrum of the physical
mixture that was heat treated at 600 °C due to the presence of overlapping bands with
the bands characteristic to the PO43- and OH groups.
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Figure 32: Infrared spectrum of as-prepared hydroxyapatite-magnetite (1:1) physical
mixture powder

Figure 33: Infrared Spectra of hydroxyapatite-magnetite (1:1) physical mixtures
treated at 200, 400, and 600°C, compared with that of the as-prepared physical
mixture powder
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3.3.3 Thermogravimetric Analysis
Figure 34 compares the thermal history of the 1:1 physical mixture with those
of the as-received HAp and magnetite powders. The thermogram of HAp describes
two events of weight loss at 100 and 300 °C, while magnetite nanoparticles showed
two weight loss events at 125 and 300 °C. The overall weight loss of the HAp was
around 7%, while that of magnetite was around 2.2%. The TGA thermogram of the
1:1 physical mixture showed two minor events of weight loss around 150 and 350
°C, and a total weight loss of 1.1%. The lower extent of weight loss of the 1:1
physical mixture could be attributed to its lower affinity to the adsorption of moisture
after the preparation of the mixture, which was carried out in a non-polar solvent
medium (n-heptane). These minor weight loss events were also shown in the
thermograms of the 1:1 physical mixtures that were pre-treated at 200 and 400 °C
(Figure 35) with a slight increase in the overall weight loss to 1.45, and 1.5%,
respectively (insert of Figure 35). On the other hand, the 1:1 physical mixture that
was pre-treated at 600 °C showed an overall weight loss of 0.8%. The decrease in the
weight loss of the powders due to their thermal pre-treatment was also shown in the
thermograms of the as-received HAp and magnetite powders.
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Figure 34: Thermogravimetric diagram of the as-prepared hydroxyapatite-magnetite
(1:1) physical mixture powder compared with pure hydroxyapatite and magnetite
powders

Figure 35: Thermogravimetric diagrams of hydroxyapatite-magnetite (1:1) physical
mixtures treated at 200, 400, and 600 °C, compared with that of the as-prepared
physical mixture powder. Insert: variation of the weight loss of the as-prepared (1:1)
physical mixture samples as a function of the temperature of pre-treatment
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3.3.4 N2-adsorption
Figure 36 shows the N2-adsorption isotherm of the as-prepared 1:1 physical
mixture. The diagram depicts type III isotherm with an overall volume of adsorbed
N2 intermediate between that of HAp and magnetite powders. However, the type of
isotherm depicted by the 1:1 physical mixture is in line with that of pure as-received
HAp powder. The unimodal pore size distribution of the as-prepared 1:1 physical
mixture designates mesoporosity with a peak at 20 Å (insert of Figure 36). Upon heat
treatment at 200, 400 and 600 °C, all powders showed type III isotherms with a
lower volume of adsorbed N2, as compared with that of the as-prepared 1:1 physical
mixture (Figure 37). Heat pre-treatment of the 1:1 physical mixture was also found to
affect the pore size distribution where the distribution is shifted towards higher
porosity (macroporosity) (Figure 38) and a dramatic decrease in the surface area of
the heat pre-treated 1:1 Physical mixture (Figure 39). This behavior could be
attributed to an increased agglomeration of the magnetite nanoparticles onto the
surfaces of the m-scale HAp particulates.
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Figure 36: N2-Adsorption isotherm and pore size distribution (insert) of the asprepared hydroxyapatite-magnetite (1:1) physical mixture powder

Figure 37: N2-Adsorption isotherm of hydroxyapatite-magnetite (1:1) physical
mixtures treated at 200, 400, and 600 °C, compared with that of the as-prepared
physical mixture powder
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Figure 38: Pore size distribution of hydroxyapatite-magnetite (1:1) physical mixtures
treated at 200, 400, and 600 °C, compared with that of the as-prepared physical
mixture powder

Figure 39: Variation in the BET surface area of hydroxyapatite-magnetite (1:1)
physical mixtures treated at 200, 400, and 600 °C, compared with that of the asprepared physical mixture powder
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3.3.5 Scanning electron microscopy
Physical mixtures of HAp micro-particles and magnetite nano-particulates are
shown in the form of agglomerates in their SEM micrographs in Figure 40a. Upon
heat treatment at 600oC, the extent of agglomeration did not seem to vary, as shown
in Figure 40b. Due to size variation between magnetite and HAp, their physical
mixture that was made by ball milling a powder mixture of the two materials seems
to be homogeneously prepared, as shown in their SEM micrographs in Figure 40.

3.3.6 Magnetization
A 1:1 physical mixture of the highly magnetic magnetite nanoparticles and
the non-magnetic HAp particles showed magnetization properties that do not cope
with the role of mixtures. A 50% (mole) mixture did not show a 50% decrease in the
magnetization, where the 1:1 physical mixture showed a magnetization of 14 emu/g
versus 80 emu/g for pure magnetite nanoparticles (Figure 41). This pronounced
decrease in the magnetization of the 1:1 physical mixture could be attributed to the
segregation of the magnetic nanoparticles by the presence of the m-scale HAp
particulates. While Pre-treatment of the physical mixture at 200 °C did not affect its
magnetization, heating at 400 °C resulted in a decrease in the magnetization of the
mixture to 12 emu/g. Interestingly, pre-heat treatment of the physical mixture at 600
°C showed a pronounced decrease in the magnetization to 2.5 emu/g. Considering
the completely dimensioned magnetization of the pure magnetite nanoparticles that
were pre-heat treated at 600 °C (Figure 27), the current 1:1 physical mixture shows a
relatively higher magnetic properties. Referring to the XRD results of the 1:1
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Figure 40: Scanning electron micrographs of the (a) as-prepared and (b) heat treated
at 600 °C hydroxyapatite-magnetite (1:1) physical mixtures
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physical mixture that was pre-heat treated at 600 °C (Figures 30-31), the
transformation of magnetite to hematite was inhibited by the presence of HAp
particulates. This was attributed to the segregation of the magnetite nanoparticles by
the HAp particulates. It should, therefore, be mentioned that this explanation is now
established and explains the remaining magnetic properties in the 600 °C pre-heat
treated due to the inhibited magnetite-to-hematite transformation.
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Figure 41: Magnetization measurements of hydroxyapatite-magnetite (1:1) physical
mixtures treated at 200, 400, and 600°C, compared with that of the as-prepared
physical mixture powder

Figure 42: The effect of changing the temperature of the pre-treatment on the
maximum magnetization of the pure HAP, pure magnetite and the 1:1 physical
mixture
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Figure 43: A schematic diagram showing the interaction between magnetite magnets
while coated with hydroxyapatite and their effect on the magnetite-to-hematite
transformation
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3.4 Synthetic HAp and HAp:Magnetite (S1:1 and S2:1)
For comparison with commercial HAp powder that was used in the first part
of the study, HAp was also prepared using a simple wet method using Ca(NO3)2 and
NH4H2PO4 as starting reactants in a basic medium (pH 10-11) at 70 °C. The asprepared HAp powder was characterized for its composition to ensure its structural
purity and crystallinity. HAp was further prepared in the presence of magnetite
nanoparticles in two different molar ratios; 1:1 and 2:1. The as-prepared powder
mixtures were also characterized for their structure and microstructure. Moreover,
the powder mixtures were further calcined at 200, 400 and 600 °C to study their
structural stability. This was followed by detailed characterization for composition
and microstructure. In addition, the effect of preparation of HAp in the presence of
two different molar proportions of magnetite on the magnetic properties of the later
was also studied as a function of the molar ratio of HAp-to-magnetite and the
temperature of heat treatment. The following sections describe the characterization
results of these powders.
3.4.1 Synthetic hydroxyapatite powder
3.4.1.1 X-ray diffraction
The XRD pattern of synthetic HAp is shown in Figure 44. The pattern
reflects a highly crystalline phase with peaks at 2 values of 25.94, 32.00, 32.31,
33.17, 34.21, 39.98, 46.89 and 49.54o. Compared with the JCPDS card # 9-432, these
peaks correspond to pure HAp phase with a stoichiometric Ca/P molar ratio of 1.67.
This is a routine result that confirms the absence of other lower Ca/P calcium
phosphates, which is a common problem that may arise during the synthesis of HAp
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at low temperatures. The XRD result, therefore, confirms the structural purity and
high crystallinity of the synthetic HAp phase.
3.4.1.2 Infrared Spectroscopy
Figure 45 shows IR spectrum of HAp that was prepared using a wet synthesis
procedure. The spectrum shows a single-phase HAp with all bands characteristic to
it. Two medium intensity broad bands appeared at 3160 cm-1 and 3435 cm-1. These
are attributed to the O-H stretching mode of the water of hydration and water of
crystallization, respectively. In addition, a shoulder was shown at 3590 cm -1 and a
band at 1641 cm-1 were both attributed to the O-H stretching mode of the HAp
structure. This was further supported by a band at 632 cm-1, which is related to the
bending mode of the HAp structural O-H group. On the other hand, a sharp intensity
band with a peak value of 1060 cm-1 was also observed. This is attributed to the
stretching mode of vibration of the P-O of the apatitic PO43- functional group. Two
additional shoulders related to the stretching vibration of the P-O of PO43- were also
observed at 1034 and 1105 cm-1. This was also supported by the presence of two
resolved bands with medium intensity at 567 and 605 cm-1, which are attributed to
the bending mode of vibration of the P-O of the apatitic PO43- group. The high
intensity band at 1398 cm-1 is attributed to the presence of CO32- or physically
adsorbed CO2 from the atmosphere onto the surface of the HAp precipitates. The
high intensity of this band could suggest the presence of CO32- in the structure of the
synthesized HAp in the position of the hydroxyl and/or phosphate groups. These
possibilities may suggest the presence of carbonated apatite; type A or type B,
respectively (Elliott; Landi et al.; Boanini et al.).
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Figure 44: X-ray diffraction pattern of as-prepared synthetic hydroxyapatite powder

Figure 45: Infrared spectrum of as-prepared synthetic hydroxyapatite powder
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3.4.1.3 Thermogravimetric Analysis
Purely prepared HAp powder in the absence of magnetite nanoparticles was
also characterized for its composition as a confirmation to the XRD and IR analyses
using TGA analysis. The TGA thermogram showed in Figure 46 shows the weight
loss when the HAp powder was subjected to heating in air up to 600 °C. Two main
weight loss events were observed. The first event showed a weight loss of 12.5%
around 100 °C, and is attributed to the removal of the weakly adsorbed water of
hydration from the HAp structure. The second event was shown at 240-270 °C and
indicated a second cycle of weight loss of an additional 25% weight loss. The total
weight loss after these events averaged at 37.5% of the starting weight, which
reflects the presence of more than one third of the structure as physically and
chemically adsorbed water. Beyond 300 °C, HAp maintained its structural stability
until the end of the thermal treatment.

3.4.1.4 N2-adsorption
Pure HAp made by a traditional wet method usually produces crystallites in the nm
scale due to the controlled nucleation and growth of HAp. Figure 47 shows the N2adsorption isotherm of the as-prepared HAp. It exhibits type III isotherm with a
unimodal pore size distribution (insert of Figure 47) at the interface between meso
and macroporous powders. This could be attributed to the agglomeration of the
precipitated HAp crystallites.
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Figure 46: Thermogravimetric diagram of as-prepared synthetic hydroxyapatite
powder
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Figure 47: N2-Adsorption isotherm and pore size distribution (insert) of the asprepared synthetic hydroxyapatite powder
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3.4.1.5 Scanning electron microscopy
The as-prepared synthetic HAp particles were shown as aggregates of sub-m
particulates. The high magnification SEM micrograph in Figure 48 shows nano-m
scale particulates with irregular morphology. This is a typical microstructure of
synthetic stoichiometric HAp prepared by the wet method as a simple and versatile
method for the preparation of phase-pure, highly crystalline HAp. No indication of
other morphologies was found in the SEM micrographs of pure synthetic HAp.
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Figure 48: Scanning electron micrograph of the as-prepared synthetic hydroxyapatite
powder at two different magnifications
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3.4.2 Synthetic hydroxyapatite-magnetite (1:1 and 2:1) mixed powders
In the current study, HAp was prepared in the presence of magnetite
nanoparticles as nucleating seeds. In order to study the effect of magnetite
nanoparticles on the nucleation and growth of the HAp crystals, the proportion of
magnetite with respect to the estimated precipitated HAp was varied as 1:1 and 2:1
by mole. The precipitated composite powders were characterized for their
composition and microstructure as will be explained in the following sections.
3.4.2.1 X-ray diffraction
Figure 49 shows XRD patterns of the as-prepared HAp in the presence of
magnetite nanoparticles. Both patterns revealed a low crystalline phase. The main
peak of magnetite phase initially added before the precipitation of HAp was observed
at 2 values of 30.5, 35.97 and 57.24o. The variation in the intensity of these peaks in
the two patterns corresponds the initial proportion of the magnetite nanoparticles in
the reaction medium. On the other hand, HAp characteristic peaks appeared at 2
values of 26.1, 28.4, 29.1, 32.1, 33.2, 34.2, 40.0, 43.6, 46.9, 49.6, and 53.6o. No signs
of other phases, that may result from the chemical interaction between HAp and
magnetite seeds, were observed. In addition the broadness of the HAp peaks in the
two mixtures indicate the small size of the HAp crystallites formed onto magnetite
seeds as compared with HAp prepared in the absence of magnetite nanoparticles
(Figure 44).
Figures 50-51 show the XRD patterns of heat treated HAp-magnetite powder
mixtures that were made by initially preparing HAp in the presence of magnetite at
molar ratios of 1:1 and 2:1. Compared with the XRD pattern of the as-prepared HAp
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powders in the presence of magnetite at 1:1 and 2:1 molar ration, a relative
improvement in the intensity and resolution of the peaks was observed. This
indicates a relative improvement in the crystallinity of the HAp phase with
temperature. It was also noted that the HAp peaks shown at 2 values of 31.6 and
32.3o were interchanged in their relative intensities with temperature, especially at
400 and 600 °C. These peaks represent the 211 and 112 hkl planes, respectively, of
the hexagonal HAp crystal lattice (Landi et al.). These planes belong to the same
family of planes with half intersection with the a and c (x- and z- axes), respectively.
It may, therefore, related to the way the hexagonal HAp crystal was grown in the
presence of the magnetite phase. This phenomenon was also correlated with the shift
of the 002 peak at 25.9 to 26.1o in all heat treated HAp-magnetite samples. On the
other hand, magnetite peaks at 2 values of 30.2, 35.7 and 57.4° continued to appear
in the XRD patterns of all samples. Hematite peaks were not observed in all patterns
even after thermal treatment of the 1:1 and 2:1 powder mixtures at 600 °C. these
results reveal that the precipitation of HAp takes place onto the surfaces of the
magnetite seeds, while the HAp:magnetite (1:1) Physical mixture initially studied
contained individual HAp and magnetite particulates. Therefore, it is hypothesized
that coating of the magnetite nanoparticles with HAp reserved the magnetic phase
and prevented its transformation to hematite (Iwasaki et al.) .
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Figure 49: X-ray diffraction patterns of synthetic hydroxyapatite prepared in the
presence of magnetite nanoparticles at molar ratios of 1:1 and 2:1
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Figure 50: X-ray diffraction patterns of synthetic hydroxyapatite prepared in the
presence of magnetite nanoparticles at molar ratio of 1:1 and heat treated at 200, 400,
and 600 °C compared with that of the as-prepared 1:1 hydroxyapatite-on-magnetite
powder mixtures

Figure 51: X-ray diffraction patterns of synthetic hydroxyapatite prepared in the
presence of magnetite nanoparticles at molar ratio of 2:1 and heat treated at 200, 400,
and 600 °C compared with that of the as-prepared 2:1 hydroxyapatite-on-magnetite
powder mixtures
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3.4.2.2 Infrared Spectroscopy
Figure 52 shows the IR spectra of the as-prepared HAp in the presence of
magnetite nanoparticles in molar ratios of 1:1 and 2:1. Both spectra showed the
presence of HAp characteristic bands. The most intense bands in the spectra of both
samples were shown at 1027 cm-1 for the stretching mode of P-O of the PO43- group,
and a doublet with a medium intensity at 566 and 608 cm-1 for the bending mode of
vibration of the same functional group. There are two types of water normally shown
in the IR spectra of HAp powders prepared by the wet method. Those are the water
of hydration, which is related to the physically attached water molecules, and the
water of crystallization, which is related to the chemically attached water molecules,
that are also considered part of the HAp crystal structure. The IR spectra shown in
Figure 52 show a broad medium intensity band in each spectrum with a peak at 3425
cm-1.The broadness of this band may indicate the presence of both types of water, but
are not clearly indicated due to the weak resolution of the bands. In addition, the
HAp lattice O-H group is usually shown at a higher wave number than that of the
water O-H stretching vibrations. This is weakly shown as a shoulder at 3562.6 and
3573.3 cm-1, for the 1:1 and 2:1 samples’ spectra. This is further confirmed by two
other shoulder peaks at 630.7 and 633.9 cm-1, respectively, where both bands denote
the bending mode of vibration of the O-H group in addition to the band at 1400 cm-1
in both spectra. The weak appearance of these bands does not neglect their presence
in the HAp crystal structure. Referring to Figure 45, which showed the IR spectrum
of HAp that was prepared in the absence of magnetite, the presence of carbonates in
the spectrum and the indication of the formation of carbonated HAp was concluded.
The IR spectra of the HAp prepared in the presence of magnetite at molar ratios of
1:1 and 2:1, on the other hand, showed a weak presence of carbonates in the
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structure. This is evident through the weak intensity bands at 1640 and 1703 cm-1 in
both spectra. These results indicate that the presence of magnetite nano particles in
the reaction medium during the precipitation of HAp, modulated the crystal structure
and composition of the later and prevented the formation of carbonated apatite.
When thermally treated at 200, 400 and 600 °C, HAp prepared in the
presence of magnetite nanoparticle at molar ratios of 1:1 and 2:1 showed a similar
manner (Figures 53-54). All spectra showed the presence HAp characteristic bands
of the P-O of PO43- group at 1099, 1038, 605.7 and 562.5 cm-1. A medium intensity
broad band attributed to the stretching mode of vibration of the O-H of water of
hydration was shown with a peak at 3440 cm-1. The broadness of this band may also
imply the presence of water of crystallization, which would be evident with a better
resolution. In addition, the structural O-H band may be slightly shown as a minor
shoulder at 3572 cm-1 and 636 cm-1, for the stretching and bending modes,
respectively. Moreover, the bands that are characteristic to the C=O of the carbonate
(CO32-) groups were further reduced. The presence of Fe-O bands of magnetite was
not confirmed in the IR spectra of all samples, which is not in accordance with the
XRD results of these samples. As a crystalline phase, magnetite was confirmed in the
mixtures (1:1 and 2:1), while its absence in the IR spectra of the same mixtures
strongly confirms the precipitation of HAp as a coating onto the surfaces of the
magnetite nanoparticles.
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Figure 52: Infrared spectra of synthetic hydroxyapatite prepared in the presence of
magnetite nanoparticles at molar ratios of 1:1 and 2:1
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Figure 53: Infrared spectra of synthetic hydroxyapatite prepared in the presence of
magnetite nanoparticles at molar ratio of 1:1 and heat treated at 200, 400, and 600 °C
compared with that of the as-prepared 1:1 hydroxyapatite-on-magnetite powder
mixtures

Figure 54: Infrared spectra of synthetic hydroxyapatite prepared in the presence of
magnetite nanoparticles at molar ratio of 2:1 and heat treated at 200, 400, and 600 °C
compared with that of the as-prepared 2:1 hydroxyapatite-on-magnetite powder
mixtures
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3.4.2.3 Thermogravimetric Analysis
TGA thermograms of the HAp-magnetite (1:1 and 2:1) mixtures are shown in
Figure 55. The TGA thermogram of 1:1 HAp:magnetite mixture shows two events of
weight loss at an average temperature of 80 and 180 °C. These events indicate the
removal of the physically and chemically adsorbed water, respectively. The weight
losses measured at these temperatures were 12 and 18 %, respectively, reflecting on a
total weight loss of 30%. On the other hand, the thermogram of the 2:1
HAp:magnetite mixture showed an overall weight loss of 10%, without resolving the
weight losses temperatures. These results indicate the low possibility of the presence
of water of hydration and crystallization in the S2:1 than in the S1:1.
Upon thermal pre-treatment at 200, 400, and 600 °C, the 1:1 HAp-onmagnetite mixtures showed a decreased weight loss (Figure 56). The highest weight
loss of 5.3% was shown with the mixture pre-heated at 200 °C. Weight loss
decreased to 2.9 and 1.4% for samples that were pre-heated at 400, and 600 °C,
respectively. On the other hand, the S2:1 showed similar decreased weight loss of
4.8, 2.2 and 2.1% for mixtures that were pre-heated at 200, 400 and 600 °C,
respectively (Figure 57). The decrease in the weight loss of these mixtures as
compared with the P1:1 is attributed to the evaporation of all types of water with the
pre-treatment and the stability of the mixture. The difference in weight loss behavior
of the 1:1 And 2:1 HAp-on-magnetite mixtures is shown in Figure 58.
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Figure 55: Thermogravimetric diagrams of synthetic hydroxyapatite prepared in the
presence of magnetite nanoparticles at molar ratios of 1:1 and 2:1
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Figure 56: Thermogravimetric diagrams of synthetic hydroxyapatite prepared in the
presence of magnetite nanoparticles at molar ratio of 1:1 and heat treated at 200, 400,
and 600 °C compared with that of the as-prepared 1:1 hydroxyapatite-on-magnetite
powder mixtures

Figure 57: Thermogravimetric diagrams of synthetic hydroxyapatite prepared in the
presence of magnetite nanoparticles at molar ratio of 2:1 and heat treated at 200, 400,
and 600 °C compared with that of the as-prepared 2:1 hydroxyapatite-on-magnetite
powder mixtures
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Figure 58: Comparison of the total weight loss during the thermogravimetric analysis
of synthetic hydroxyapatite prepared in the presence of magnetite nanoparticles at
molar ratios of 1:1 and 2:1 and heat treated at 200, 400, and 600 °C compared with
that of the as-prepared 1:1 and 2:1 hydroxyapatite-on-magnetite powder mixtures
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3.4.2.4 N2-adsorption
Figure 59 shows the N2-adsorption isotherms of the S1:1 and S2:1. Both
mixtures showed type III isotherms with a higher volume of adsorbed N2 in the S2:1
mixture than that of the S1:1 mixture. On the other hand, the pore size distribution of
the two synthetic mixtures showed a different behavior (Figure 60). The S1:1 showed
a bimodal pore size distribution with a mixture of microporosity and mesoporosity,
where the intensity of the microporosity was higher than that of the mesoporosity. In
contrast, the S2:1 showed a biomodal pore size distribution with a higher extent of
mesoporosity than microporosity. These results were also translated to a variable
BET surface area, where the S1:1 showed a BET surface area of 71 m2/g, versus 65
m2/g of the S2:1 (Figure 61).
The effect of pre-heat treatment of the 1:1 and 2:1 synthetic mixtures on their
N2-isotherms is shown in Figures 62-63. Both mixtures showed type III isotherm
with a slight variation in the volume of adsorbed N2. On the other hand, synthetic
mixtures that were pre-heat treated showed an increase in the amount of adsorbed N2
as compared with the as-prepared synthetic mixtures. Figures 64-65 show the
variation in the pore size distribution of the S1:1 and S2:1, respectively as a function
of the temperature of pre-treatment. Compared with the P1:1 synthetic mixture, heattreated mixtures showed a unimodal pore size distribution with higher volume of
adsorbed N2 with increasing the temperature of pre-treatment. Moreover, the heattreated S1:1 mixtures showed a high degree of mesoporosity. In contrast, all S2:1
showed a unimodal pore size distribution with a higher degree of mesoporosity and
an increased volume of adsorbed N2 with increasing the temperature of pre-treatment
(Figure 65).
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Figure 66 (a and b) shows the variation of the BET surface area of the 1:1 and
2:1 synthetic mixtures as a function of the temperature of pre-treatment. In both
cases, a decrease in the BET surface area of the mixture particulates was observed.
This could be related to the increased agglomeration of the mixture particulates with
temperature.
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Figure 59: N2-adsorption isotherms of the synthetic hydroxyapatite prepared in the
presence of magnetite nanoparticles at molar ratios of 1:1 and 2:1

Figure 60: Pore size distribution of the synthetic hydroxyapatite prepared in the
presence of magnetite nanoparticles at molar ratios of 1:1 and 2:1
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Figure 61: BET surface area of the synthetic hydroxyapatite prepared in the presence
of magnetite nanoparticles at molar ratios of 1:1 and 2:1
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Figure 62: N2-adsorption isotherms of synthetic hydroxyapatite prepared in the
presence of magnetite nanoparticles at molar ratio of 1:1 and heat treated at 200, 400,
and 600 °C compared with that of the as-prepared 1:1 hydroxyapatite-on-magnetite
powder mixtures

Figure 63: N2-adsorption isotherms of synthetic hydroxyapatite prepared in the
presence of magnetite nanoparticles at molar ratio of 2:1 and heat treated at 200, 400,
and 600 °C compared with that of the as-prepared 2:1 hydroxyapatite-on-magnetite
powder mixtures
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Figure 64: Pore size distribution of synthetic hydroxyapatite prepared in the presence
of magnetite nanoparticles at molar ratio of 1:1 and heat treated at 200, 400, and 600
°C compared with that of the as-prepared 1:1 hydroxyapatite-on-magnetite powder
mixtures

Figure 65: Pore size distribution of synthetic hydroxyapatite prepared in the presence
of magnetite nanoparticles at molar ratio of 2:1 and heat treated at 200, 400, and 600
°C compared with that of the as-prepared 2:1 hydroxyapatite-on-magnetite powder
mixtures
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Figure 66: BET surface area synthetic hydroxyapatite prepared in the presence of
magnetite nanoparticles at molar ratio of a) 1:1 and b) 2:1 and heat treated at 200,
400, and 600 °C compared with that of the as-prepared 1:1 and 2:1 hydroxyapatiteon-magnetite powder mixtures

99
3.4.2.5 Scanning electron microscopy
The microstructures of the 1:1 and 2:1 synthetic mixtures are shown in
Figures 67 and 68, respectively. In both mixtures, the as-prepared mixtures are
compared with the mixtures that were pre-heat treated at 600 °C. HAp crystallites are
shown to grow onto the surfaces of the agglomerated magnetite nanoparticles in both
mixtures (Figures 67a & 68a). SEM micrographs of the mixtures treated at 600 °C,
on the other hand, show a higher extent of agglomeration (Figures 67b & 68b),
which explains the decrease in the surface area of the heat treated mixtures as
compared with the as-prepared mixtures.

3.4.2.6 Magnetization
Synthetic mixtures of HAp-on-magnetite (1:1 and 2:1) showed a variable
magnetization compared with the 1:1 physical mixture described in Figure 41.
Compared to a magnetization of 14 emu/g for the 1:1 physical mixture, Figure 69
shows a magnetization of 65 emu/g for the 1:1 synthetic mixture. The difference in
behavior could be related to the segregation of the magnetic nanoparticles by
physical mixing, through milling of, magnetite and HAp particles. In contrast, the 1:1
synthetic mixture initially contained agglomerated magnetite nanoparticles on which
HAp crystallites were grown. This in turn seems to maintain the magnetic properties
of the mixture. The role of mixture is also evident in the decrease in magnetization of
the 2:1 synthetic mixture as compared with the 1:1 synthetic mixture. The maximum
achieved magnetization of the 2:1 synthetic mixture was 30 emu/g.

100

Figure 67: Scanning electron micrographs of the a) as-prepared and b) heat treated at
600 °C synthetic hydroxyapatite prepared in the presence of magnetite nanoparticles
at molar ratio of 1:1
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Figure 68: Scanning electron micrographs of the a) as-prepared and b) heat treated at
600 °C synthetic hydroxyapatite prepared in the presence of magnetite nanoparticles
at molar ratio of 2:1
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The effect of heat treatment of the synthetic mixtures on their magnetization
is shown in Figures 70-71. Compared with a magnetization of 65 emu/g for the asprepared 1:1 synthetic mixture, pre-heat treated mixture at 200 °C showed a slight
decrease in the magnetization to 55 emu/g. On the other hand, heat treatment at 400
and 600 °C showed an increase in the magnetization to 73 and 75 emu/g,
respectively. This could be attributed to the increased aggregation of the HAp-coated
magnetite agglomerates that was shown in their SEM micrographs. The close
proximity of the magnetite agglomerates is believed to contribute to the increased
magnetization of the mixture. This observation was also confirmed in Figure 71,
where heat-treated 2:1 synthetic mixture showed slightly higher magnetization with
an average of 42 emu/g, compared with 30 emu/g for the as-prepared 2:1 synthetic
mixture. It should be noted that the higher magnetization of the 1:1 and 2:1 synthetic
mixtures that were pre-treated at 600 °C are in accordance with the XRD findings of
these mixtures (Figures 50-51) in terms of the inhibited magnetite-to-hematite
transformation.
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Figure 69: Magnetization measurements of the synthetic hydroxyapatite prepared in
the presence of magnetite nanoparticles at molar ratios of 1:1 and 2:1
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Figure 70: Magnetization measurements of synthetic hydroxyapatite prepared in the
presence of magnetite nanoparticles at molar ratio of 1:1 and heat treated at 200, 400,
and 600 °C compared with that of the as-prepared 1:1 hydroxyapatite-on-magnetite
powder mixtures

Figure 71: Magnetization measurements of synthetic hydroxyapatite prepared in the
presence of magnetite nanoparticles at molar ratio of 2:1 and heat treated at 200, 400,
and 600 °C compared with that of the as-prepared 2:1 hydroxyapatite-on-magnetite
powder mixtures
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Figure 72: The effect of changing the temperature of the pre-treatment on the
maximum magnetization of the 1:1 and 2:1 synthetic HAp-on-magnetite chemical
mixtures
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Figure 73: A schematic diagram showing the interaction between magnetite magnets
while coated with hydroxyapatite and the inhibition of magnetite-to-hematite
transformation
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3.5. Sorption studies

A batch study was carried out to evaluate the sorption characteristics of the
above characterized sorbents for the removal of Cd2+ ions from simulated waste
water. All experiments were carried out at room temperature. The effects of varying
the pH of the medium, the weight of the sorbent, the initial Cd2+ concentration and
the sorption time on the sorption of Cd2+ were studied. Moreover, the effect of
thermal pre-treatment of the sorbents in their affinity towards Cd2+ ions was also
evaluated. Results are detailed in the following sections:

3.5.1. Effect of pH
The pH of the simulated solution containing a constant concentration of Cd2+
ions (1 mmol) was varied at values of 5, 6, 7 and 8. It should be noted that HAp is
known as a basic calcium phosphate salt and is susceptible to convert to soluble
acidic calcium phosphates upon the exposure to acidic media. In addition, at pH
values higher than 8.00, it was found that Cd2+ ions precipitate out of the solution in
the form of Cd(OH)2 Based on these facts, a pH range of 5-8 was selected for the
optimization experiments. The effect of changing solution pH on the removal of Cd2+
ions was evaluated (Figure 74). The lowest concentrations of Cd2+ ions in solution
were found with the as-received HAp sorbents, while Magnetite sorbent showed the
lowest affinity towards the sorption of Cd2+ ions. On the other hand, it was found that
the 1:1 physical mixture truly followed the role of mixtures where its sorption of
Cd2+ ions was intermediate between pure HAp and pure magnetite sorbents (Figure
74a). This was also reflected on HAp achieving the highest efficiency of Cd2+
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sorption among the three sorbents, showing a 90% removal of the Cd2+ ions (Figure
74b). The % of removal of Cd2+ ions was calculated using the following equation:
[1]
Where Co is the initial [Cd2+], and Ci is the [Cd2+] at equilibrium. Based on the
results shown in Figure 74, an optimum pH of 6.0 was selected to maintain constant
during the study of the following parameters.
Considering the same pH range; 5-8, Figure 75 shows the variation in the
sorption capabilities of the chemically prepared 1:1 and 2:1 HAp-on-magnetite
mixtures. Based on the hypothesis described above for the structure of the HAp-onmagnetite chemical mixtures, it is HAp surface layer that has the direct contact with
the aqueous media, while magnetite agglomerates are kept in the core of the 1:1 and
2:1 chemical mixtures. This hypothesis explains the close proximity of the
performance of the two sorbents towards the sorption capacity of Cd2+ ions from
water (Figure 75), where both showed an average of 99% sorption capacity. Based
on these findings, a pH value of 6.0 was also selected as an optimum value to be kept
constant during the following batch experiments.
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Figure 74: Effect of changing solution pH on the a) sorption of Cd2+ ions and b)
Percent removal using the as-received HAp, magnetite sorbents and the 1:1 physical
mixture at room temperature.
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Figure 75: Effect of changing solution pH on the a) sorption of Cd2+ ions and b)
Percent removal using the chemically prepared 1:1 and 2:1 HAp-on- magnetite
sorbents at room temperature.
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3.5.2 Effect of sorbent weight
Maintaining the solution pH and [Cd2+] at 6.0 and 1 mmol, respectively, the
effect of varying the weight of solid sorbents on their efficiency in collecting Cd 2+
ions from water was studied. The results shown in Figure 76 continuously indicate a
higher affinity of HAp sorbent and its physical mixture towards Cd2+ ions than the
commercial magnetite sorbent, despite the nanoparticle nature of the later. Increasing
the sorbent weight shows an enhanced removal of Cd2+ ions. At a sorbent weight of
0.03 grams of the commercial HAp sorbent, a sorption efficiency of 98% was
achieved (Figure 76b). In the presence of 50 mol% of magnetite, the optimum
sorbent weight that was able to have a sorption capacity of 98% increased to 0.04
grams. Increasing the sorbent weight beyond 0.04 grams did not shown an
improvement in the sorption capacities of pure HAp and the 1:1 physical mixture
with magnetite, indicating a complete removal of the pollutant ions. On the other
hand, the as-received magnetite sorbent showed a maximum of 22% removal of Cd2+
ions, despite the high surface area of its nanoparticles. These results confirm the
strong agglomeration of the magnetite nanoparticles in solution, as was previously
described in the SEM micrographs of magnetite powders.
On the other hand, sorbents that were made of magnetite core and coated with
HAp in a molar ratio of 1:1 and 2:1 showed an optimum sorbent weight of 0.05
grams at which an average removal % of 97.5 was achieved (Figure 77). This value
is slightly higher than that shown with the pure HAp and the 1:1 physical mixture of
HAp and magnetite. The variation could be attributed to the presence of HAp as a
thing film onto the agglomerated magnetite core compared with bulk HAp
particulates that are present as stand-alone sorbents or are physically mixed with
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magnetite particles. The results shown in Figure 77 a and b also confirm this
assumption, where both 1:1 and 2:1 sorbents showed a similar pattern towards Cd2+
ions.

3.5.3 Effect of initial [Cd2+]
Cadmium ions, as a soluble type of pollutant exist in variable concentrations
in waste water depending on their source of release. Therefore, the effect of varying
the initial concentrations of Cd2+ ions on the efficiency of its removal using the
currently studied sorbents was evaluated. At a constant sorbent weight, pH and
contact time, Figure 78 shows an increase in the concentration of Cd2+ ions in
solution with increasing the initial Cd2+ concentration above 10 ppm using pure
HAp, pure magnetite or their 1:1 physical mixture. At lower initial concentration, all
sorbents showed an absolute affinity towards the collection of all Cd2+ ions in
solution. The variation between the type of sorbent was marginal with magnetite
being relatively lower in affinity to Cd2+ ions compared with pure HAp or the 1:1
physical mixture.
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Figure 76: Effect of changing sorbent weight on the a) sorption of Cd2+ ions and b)
Percent removal using the as-received HAp, magnetite sorbents and the 1:1 physical
mixture at room temperature.
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Figure 77: Effect of changing sorbent weight on the a) sorption of Cd2+ ions and b)
Percent removal using the chemically prepared 1:1 and 2:1 HAp-on- magnetite
sorbents at room temperature.
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In contrast, using HAp-coated magnetite (1:1 and 2:1) chemical mixtures
showed a better affinity towards Cd2+ ions in solution (Figure 79). Results indicated
a higher affinity of the 1:1 and 2:1 chemical mixtures than the 1:1 physical mixture
or pure HAp sorbents, where a complete removal of all Cd2+ ions from solutions
containing up to 120 ppm was observed. These findings further support the
hypothesis of the effect of the higher and direct contact of the HAp thin coating onto
the magnetic core to the Cd2+ ions in solution on enhancing its efficiency in
absorbing the Cd2+ ions. On the other hand, the lower affinity of the HAp and the 1:1
physical mixture could be attributed to the large particle size of the commercial HAp
particulate sorbent and the presence of lower proportion of it with the low sorption
affinity magnetite.
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Figure 78: Effect of changing initial concentration of Cd2+ ions on its sorption using
the as-received HAp, magnetite sorbents and the 1:1 physical mixture at room
temperature.
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Figure 79: Effect of changing initial concentration of Cd2+ ions on its sorption using
the chemically prepared 1:1 and 2:1 HAp-on- magnetite sorbents at room
temperature.
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3.5.4 Effect of contact time
Sorbents were soaked in aqueous solutions for longer times are highly
expected to remove more Cd2+ ions due to the longer duration of contact between the
sorbent materials and the sorbate ions. A successful sorbent is expected to remove
more pollutant ions in a shorter time period, which will eventually provide a more
practical and efficient approach for pollution remediation. Keeping the sorbent
weight, pH and initial concentration of Cd2+ ions constant, the sorbents were brought
to contact with the pollutant ions in solution for up to 12 hours. Figure 80 shows the
sudden decrease in the concentration of the Cd2+ ions in solution within the first 18
minutes of contact between the pure HAp and the 1:1 physical mixture sorbent
materials and the sorbate ions. A plateau was reached after 20 minutes followed by a
slight decrease in the concentration of the remaining Cd2+ ions in solution until the
end of the 12-hr experiment. Considering a starting concentration of 120 ppm of
Cd2+ ions in solution, the results in Figure 80 clearly indicate a high efficiency of
removal of Cd2+ ions. In contrast, magnetite sorbent showed an abrupt absorption of
the pollutant ions from solution, followed by a negligible change in its affinity
towards the ions after 10 minutes of exposure. Based on these results, the equilibrium
sorption capacity of the three sorbents was calculated using the following equation:
[

]

[2]

Where Co and Ci are the initial and equilibrium concentrations, w is the sorbent
weight and V is the volume of the solution. The results in Figure 80b indicate the fast
sorption of the Cd2+ ions by all sorbents within the first 20 minutes with all sorbents
having close sorption capacities considering the given experimental parameters, with
an average of 5.5 mg Cd2+ ions per gram of sorbent. The low sorption capacity of
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these sorbents could be attributed to the large particle size of the sorbent particulates
and the strong agglomeration, which in turn increases the overall size of the sorbent
particles.
On the other hand, aqueous solutions containing 120 ppm as an initial
concentration of the Cd2+ ions showed a pronounced decreased in to an average of 3
ppm in solution using the 1:1 and 2:1 HAp-on magnetite chemical mixtures (Figure
81). This behavior was observed within the first 15 minutes, followed by a slow
decrease within the following 3 hours, reaching a minimum of 1.5 ppm of Cd2+ ions
in solution. This was reflected in a higher sorption capacity of 23 mg of adsorbed
Cd2+ ions per gram of each of the chemical mixtures sorbents (Figure 81b). These
results, therefore, highly support the enhanced efficiency of the HAp-coated
magnetite particulates with respect to Cd2+ ions as compared with the 1:1 physical
mixture and the as-received HAp and magnetite sorbents. Figure 82 compares the
sorption capacities of the physical and chemical HAp-magnetite mixtures a well as
the as-received HAp and magnetite powders. The 1:1 and 2:1 HAp-on-magnetite
sorbents are slightly faster in the adsorption of the Cd2+ ions, and are 6 times higher
in efficiency than the physical mixtures and the pure constituents (Figure 82b). Based
on the above results it is becoming more evident that the magnetic core of the 1:1
and 2:1 HAp-on-magnetite sorbent systems did not show any contribution to the
sorption of the Cd2+ ions where the 1:1 and 2:1 systems showed a similar efficiency.
This clearly indicates that the high sorption capacity of these synthetic sorbents is
solely attributed to the HAp surface layer onto the magnetic core particulates.
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Figure 80: Effect of changing contact time on the a) sorption of Cd2+ ions from
solution and b) the sorption capacity of the as-received HAp, magnetite sorbents and
the 1:1 physical mixture at room temperature.
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Figure 81: Effect of changing contact time on the a) sorption of Cd2+ ions from
solution and b) the sorption capacity of the chemically prepared 1:1 and 2:1 HAp-onmagnetite sorbents at room temperature.
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Figure 82: A comparison between the a) equilibrium sorption capacities and b) the
highest achieved sorption capacities of the as-received HAp and magnetite sorbents
and the physical (1:1) and the chemical (1:1) and (2:1) mixtures
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3.5.5 Effect of thermal pre-treatment temperature

Sorbents investigated in the current study belong to the family of ceramic
compounds. Chemical reactivity of ceramic-based particulates was previously shown
to be affected by thermal treatment. This could be attributed to the removal of
physically and chemically bonded water, which facilitate the initial adsorption of the
sorbate pollutant ions onto their surfaces. However, a need to prepare solid ceramicbased filters that are composed of sorbents such as HAp and/or magnetite requires
the use of molding to prepare these membranes followed by heat treatment to help in
the solidification of these membranes into mechanically intact solid membranes.
Therefore, the effect of pre-thermal treatment of the sorbents on their affinities
towards the sorption of Cd2+ ions was evaluated.
Figures 83-84 show the variation in the Cd2+ ions concentrations as a function
of temperature at which all sorbents were pre-treated. Considering an initial
concentration of 120 ppm of Cd2+ ions in solution, the as-received magnetite
particulate sorbent showed the least effect when heated at temperatures up to 600 °C.
On the other hand, the as-received HAp powder sorbent was the highest affected.
This could be related to the presence of higher proportions of both physically and
chemically bound water, which upon evaporation with heating slightly deactivate the
particulate surfaces and decreases its affinity towards Cd2+ ions. Following the role
of mixtures, the 1:1 physical mixture showed an intermediate behavior between its
precursors. In contrast, the chemically synthesized 1:1 and 2:1 HAp-on-magnetite
sorbent systems showed a close pattern with a slight deactivation and decreased
affinity with heating (Figure 84). Referring to the transformation of magnetite to
hematite, which was observed in the XRD patterns and magnetization hysteresis of
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the 1:1 Physical mixture, it is concluded that a maximum of 400 °C of pre-thermal
treatment could be used for the thermal treatment and solidification of the
membranes fabricated from HAp and magnetite precursors. On the contrary, the
structural stability and the sustained magnetization of the 1:1 and 2:1 chemically
prepared HAp-on-magnetite sorbents suggest a safe thermal treatment at
temperatures up to 600 °C.
Based on these results, it is evident that chemically prepared HAp-coated
magnetite particulate (1:1 and 2:1) sorbents were shown to have superior
performance as compared with their corresponding physical mixture (1:1). It is also
evident that thermal treatment slightly affects the performance of these sorbents and
their affinity towards Cd2+ ions in solution. To further confirm these findings, the
performance of thermally treated 1:1 and 2:1 HAp-on-magnetite sorbents during the
optimization of the batch study parameters was re-visited. Figures 85-88 show the
effects of varying the pH, sorbent weight, sorbate (Cd2+) initial concentration and
contact time on the efficiency of these sorbents were evaluated. Figure 85 shows that
all sorbents have high affinity towards Cd2+ ions throughout the pH range of study.
However, it is also evident that thermally treated sorbents were slightly lower in
affinity due to the above mentioned explanations. Figure 86 also shows a consistent
pattern of increase in the sorption of Cd2+ ions with increasing the amount of sorbent.
However, the overall performance is affected by the thermal pre-treatment of the
sorbent powders, where a higher sorbent amount will be needed if thermal treatment
is mandated for these sorbents. A similar behavior was observed in Figure 87, where
lower limits of detection of Cd2+ ions were found than the optimal initial
concentration of Cd2+ ions (120 ppm), which was previously found in sorbents that
were not heat treated (Figure 79). All heat treated sorbents were shown most
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effective with solutions containing an initial concentration of Cd2+ ions of 60 ppm. It
should be noted that thermally treated S1:1 and S2:1 sorbents are still considerably
more effective than the corresponding P1:1 and its pure precursors. Lastly, changing
the time of exposure of the thermally treated sorbents was also evident to prove that
decrease in the sorption affinity with thermal treatment (Figure 88). All thermally
treated sorbents showed the same pattern, however the most efficient sorbents were
those treated at a maximum of 400 °C, where the highest efficiency in the removal of
Cd2+ ions was observed after 1.5 hours. According to the current study, it is worth
noting that the sorption performance of the evaluated sorbent systems is based on the
major contribution of HAp. This is attributed to the high ability of HAp to act as an
ion exchanger based on the ability to exchange Ca2+ ions in the HAp crystal lattice
with divalent cation pollutants in waste water. On the other hand, the lower
contribution of magnetite in the sorption of Cd2+ ions is compensated by the
maintained magnetization of the 1:1 and 2:1 HAp-on-magnetite sorbents. This
feature provides an advantage of using these powder sorbents for the removal of
heavy metal ions from waste water with the ability of using an external magnet to
collect the sorbent particulates after the completion of the sorption process.
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Figure 83: Effect of heat treatment of the as-received HAp and magnetite sorbents
and the physical (1:1) mixture on the sorption of Cd2+ ions from solution at room
temperature.
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Figure 84: Effect of heat treatment of the chemically prepared 1:1 and 2:1 HAp-onmagnetite sorbents on the sorption of Cd2+ ions from solution at room temperature.
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Figure 85: Effect of changing the pH of the solution on the sorption of Cd2+ ions
using heat-treated chemically prepared 1:1 and 2:1 HAp-on- magnetite sorbents as a
function of temperature of treatment
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Figure 86: Effect of changing the sorbent weight on the sorption of Cd2+ ions using
heat-treated chemically prepared 1:1 and 2:1 HAp-on- magnetite sorbents as a
function of temperature of treatment
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Figure 87: Effect of changing the initial Cd2+ concentrations on it sorption using
heat-treated chemically prepared 1:1 and 2:1 HAp-on- magnetite sorbents as a
function of temperature of treatment
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Figure 88: Effect of changing the contact time on the sorption of Cd2+ ions from
solution using heat-treated chemically prepared 1:1 and 2:1 HAp-on- magnetite
sorbents as a function of temperature of treatment
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Chapter 4: Conclusion
The current study investigated the sorption capabilities of a number of
sorbents that are based on magnetite nanoparticles and commercial as well as
synthetic calcium phosphate (hydroxyapatite; HAp) particulates. The study evaluated
the composition of pure precursors (magnetite and HAp) as well as their (1:1)
physical mixture. Moreover, a parallel sorbent was designed through the in situ
precipitation of HAp onto magnetite seeds at molar ratios of 1:1 and 2:1 of
HAp:magnetite. The detailed structural composition of al sorbents were studied using
x-ray diffraction (XRD), infrared spectroscopy (IR) and thermogravimetric analysis
(TGA), while their microstructural morphologies were evaluated using scanning
electron microscopy (SEM). In addition, particles properties such as their BET
surface area, and pore size distribution were evaluated using N2-adsorption
technique. Due to the well-recognized magnetic properties of magnetite, the
magnetic properties of all magnetite-based sorbents were assessed. The above
mentioned characterization was also carried out as a function of temperature of
thermal pre-treatment at 200, 400, and 600 °C.
Results showed the high purity of the starting materials (HAp and magnetite)
as compared with the literature. Upon heat treatment, an enhancement of the
crystallinities of HAp and magnetite was observed, which is a common phenomenon
in ceramic materials. Due to the small particle size of the individual sorbents, SEM
micrographs showed their high tendency of agglomeration. Measurement of
magnetic properties of pure magnetite showed a high magnetization of > 80 emu/g.
Upon heat treatment, it was shown that the magnetic properties of pure magnetite
sorbent were highly dimensioned, especially at 600 °C. Investigating the XRD
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patterns of heat treated magnetite sorbents showed their structural unstability, where
a complete transformation to the non-magnetic hematite phase was observed. On the
other hand, a 1:1 physical mixture of HAp and magnetite was shown to have a
different magnetization pattern, especially with heat treatment. The XRD pattern of a
physical mixture that was treated at 600 °C showed the presence of both magnetite
and hematite phases, which was also accompanied by decreased, but not
dimensioned, magnetization. The hypothesis of the author to explain this
performance is based on the segregation effect of the HAp particulates, which are
believed to separate the magnetic nanoparticulates and their agglomerates from each
other during their preparation by milling. Therefore, the interaction between
transformation of magnetite to hematite that usually takes place through the
oxidation of the FeO portion of the magnetite crystal lattice was inhibited.
Concurrently, the in situ chemical synthesis of HAp onto magnetite
nanoparticles were shown to develop HAp thin coatings onto the magnetite seeds.
Upon heat treatment, it was found that magnetite-to-hematite transformation was,
therefore, inhibited and as a result magnetization properties of the magnetic HAp
particulates were maintained. All sorbents were shown to have micro- and
mesoporosity but their BET surface area measurements were below 100 m 2/g, which
was attributed to the high affinity of the sorbents’ particulates towards
agglomeration.
A batch study was used to evaluate the effect of changing the pH of the
medium, the initial sorbent weight, the initial sorbate concentration and the contact
time on the capacities of the investigated sorbents towards the removal of Cd2+ ions
from simulated waste water media. Results showed the higher overall removal % and
sorption capacity of HAp as compared with magnetite sorbents. This was attributed
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to the well-known ion-exchange properties of HAp as compared with the surface
adsorption mechanism of Cd2+ ions onto the magnetite sorbent particulates. On the
other hand, the 1:1 physical mixture was shown to follow the role of mixtures where
its sorption capacity and sorption characteristics were intermediate between those of
magnetite and HAp sorbents. In contrast, chemically prepared HAp-onto magnetite
(1:1 and 2:1 sorbents) showed a higher performance towards the removal of Cd2+
ions. This was attributed to the surface HAp layer that was proven to form onto the
surfaces of the magnetic core as well as the smaller size and higher surface area of
these chemically formed mixtures. Upon heat treatment, a relative inactivation of the
HAp-on-magnetite chemical mixtures was shown, where sorption capacities as a
function of all studied parameters was observed.
This study illustrated the possibility of combining the relatively high sorption
capacity of HAp with a magnetic core, in the form of high surface area particulates
that can be used for the removal of heavy metal ions from waste water media. A
pronounced difficulty arose during the study that needs further investigation was the
high tendency of the studied sorbent particulates towards agglomeration. In addition,
a further tuning up of the sorption capacities of the studied sorbents is also needed,
which opens the door to a more detailed future study of this subject.
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Appendix
1. XRD standard pattern of pure hematite (Fe2O3) phase
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2. XRD standard pattern of pure magnetite (Fe3O4) phase
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3. Types of N2-adsorption isotherms
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